Mid-Infrared Properties of Luminous Infrared Galaxies II: Probing the
  Dust and Gas Physics of the GOALS Sample by Stierwalt, Sabrina et al.
ar
X
iv
:1
40
6.
38
91
v1
  [
as
tro
-p
h.G
A]
  1
6 J
un
 20
14
Accepted for publication in The Astrophysical Journal
Preprint typeset using LATEX style emulateapj v. 12/16/11
MID-INFRARED PROPERTIES OF LUMINOUS INFRARED GALAXIES II: PROBING THE DUST AND GAS
PHYSICS OF THE GOALS SAMPLE
S. Stierwalt1,2, L. Armus1, V. Charmandaris3,4,5, T. Diaz-Santos1, J. Marshall1, A. Evans2,6, S. Haan1,7, J.
Howell1, K. Iwasawa8, D.C. Kim6, E.J. Murphy1, J.A. Rich9, H.W.W. Spoon10, H. Inami1,11, A.O. Petric1,12, V. U13
Accepted for publication in The Astrophysical Journal
ABSTRACT
The Great Observatories All-Sky LIRG Survey (GOALS) is a comprehensive, multiwavelength study
of luminous infrared galaxies (LIRGs) in the local universe. Here we present the results of a multi-
component, spectral decomposition analysis of the low resolution mid-IR Spitzer IRS spectra from
5-38µm of 244 LIRG nuclei. The detailed fits and high quality spectra allow for characterization of
the individual PAH features, warm molecular hydrogen emission, and optical depths for both silicate
dust grains and water ices. We find that starbursting LIRGs, which make up the majority of the
GOALS sample, are very consistent in their MIR properties (i.e. τ9.7µm, τice, neon line ratios, and
PAH feature ratios). However, as their EQW6.2µm decreases, usually an indicator of an increasingly
dominant AGN, LIRGs cover a larger spread in these MIR parameters. The contribution from PAH
emission to the total IR luminosity (L(PAH)/L(IR)) in LIRGs varies from 2-29% and LIRGs prior
to their first encounter show significantly higher L(PAH)/L(IR) ratios on average. We observe a
correlation between the strength of the starburst (represented by IR8 =LIR/L8µm) and the PAH
fraction at 8µm but no obvious link between IR8 and the 7.7 to 11.3 PAH ratio, suggesting that the
fractional PDR emission, and not the overall grain properties are associated with the rise in IR8 for
galaxies off the starburst main sequence. We detect crystalline silicate features in ∼6% of the sample
but only in the most obscured sources (s9.7µm < -1.24). Ice absorption features are observed in ∼11%
(56%) of GOALS LIRGs (ULIRGs) in sources with a range of silicate depths. Most GOALS LIRGs
have L(H2)/L(PAH) ratios elevated above those observed for normal star-forming galaxies and exhibit
a trend for increasing L(H2)/L(PAH) ratio with increasing L(H2). While star formation appears to
be the dominant process responsible for exciting the H2 in most of the GOALS galaxies, a subset of
LIRGs (∼10%) show excess H2 emission that is inconsistent with PDR models and may be excited
by shocks or AGN-induced outflows.
1. INTRODUCTION
Luminous Infrared Galaxies (LIRGs; LIR > 10
11L⊙)
are relatively rare in the local universe but by z∼1 they
dominate the co-moving infrared (IR) energy density
1 Spitzer Science Center, California Institute of Technology,
1200 E. California Blvd., Pasadena, CA 91125. e-mail: sabri-
nas@virginia.edu
2 Department of Astronomy, University of Virginia, P.O. Box
400325, Charlottesville, VA 22904.
3 Department of Physics, University of Crete, GR-71003, Her-
aklion, Greece
4 Institute for Astronomy, Astrophysics, Space Applications
& Remote Sensing, National Observatory of Athens, GR-15236,
Penteli, Greece
5 Chercheur Associe´, Observatoire de Paris, F-75014, Paris,
France
6 National Radio Astronomy Observatory, 520 Edgemont
Road, Charlottesville, VA 22903.
7 CSIRO Astronomy & Space Science, Marsfield NSW 2122,
Australia.
8 INAF-Observatorio Astronomico di Bologna, Via Ranzani 1,
Bologna, Italy.
9 The Observatories, Carnegie Institute of Washington, 813
Santa Barbara Street, Pasadena, CA 91101.
10 Department of Astronomy, Cornell University, Ithaca, NY,
14853.
11 National Optical Astronomy Observatory, 950 N. Cherry
Ave, Tucson, AZ 85719.
12 Department of Astronomy, California Institute of Technol-
ogy, 1200 E. California Blvd., Pasadena, CA 91125.
13 Department of Physics and Astronomy, University of Cali-
fornia, Riverside, CA 92507.
(Le Floc’h et al. 2005; Magnelli et al. 2009). Thus not
only do LIRGs represent a galaxy population that domi-
nates the energy budget in the IR at an epoch when star
formation was at its peak, but they also reflect a set of
galaxies that has undergone rapid evolution since z∼1-2.
Given their high IR luminosities, LIRGs, especially
those at z∼0, offer an ideal extragalactic laboratory for
studying the features that dominate in the mid-infrared
(MIR), particularly the emission from polycyclic aro-
matic hydrocarbons (PAHs). PAH emission is believed
to originate from the transitive heating of small carbona-
ceous grains by UV photons in photodissociation regions
(PDRs) and thus is a good tracer of star formation, even
when that star formation is heavily dust obscured. The
various possible rotational and vibrational modes of the
carbon and hydrogen atoms that form PAH molecules
have been well-studied in the laboratory and so clues as
to the ionization state and size distribution of the ex-
tragalactic dust grains can be determined from measure-
ments of various PAH ratio strengths. More than 85%
of the MIR emission from LIRGs is produced by star
formation (and not by an AGN; Petric et al. 2011), and
so LIRGs provide a variety of conditions (weak AGN,
a range of merger stages, varying amounts of warm H2,
deep silicate obscuration) within which to study PAH
emission. In addition to grain size distribution and ion-
ization state, PAHs, when linked to other galaxy proper-
ties, can reveal whether or not warm H2 emission origi-
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nates from within PDRs (i.e. is traced by PAH emission)
versus being triggered by shocks or X-ray heating (see for
example Roussel et al. 2007; Zakamska 2010), as well as
the environments in which IR and UV emission decouple
(through comparisons with the infrared excess, IRX).
A major effort to study LIRGs in the local uni-
verse is the Great Observatories All-sky LIRG Survey
(Armus et al. 2009). The GOALS sample of 180 LIRGs
and 22 ULIRGs represents a complete subset of the IRAS
Revised Bright Galaxy Catalog (RBGS; Sanders et al.
2003) covering a range of dust obscuration and merger
stages. In our first paper, we presented the low resolu-
tion IRS spectra for 244 nuclei within the 202 GOALS
LIRG and ULIRG systems and some of the basic related
measurements (EQW6.2µm, s9.7µm, MIR slope, as well
as merger stage; Stierwalt et al. 2013). Here we present
the results of a detailed spectral decomposition of these
low resolution MIR LIRG and ULIRG spectra using the
method described in Marshall et al. (2007).
In Section 2, we briefly discuss the sample selection, as
well as the data reduction and spectral fitting method.
In Section 3, we present the results of the spectral de-
composition, specifically how PAH emission relates to
other PAH features (via PAH feature ratios), neon fine
structure lines, the total L(IR), merger stage, obscura-
tion (due to silicate dust grains and water ices), and UV
properties (i.e. IRX). In Section 4, we discuss warm
molecular hydrogen in LIRGs, including whether it is
confined to PDRs, and some of the LIRGs with excess
H2 emission in the GOALS sample. We also explore the
effects weak AGN may have on the MIR properties of
LIRGs. Finally, we summarize our conclusions in Sec-
tion 5.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. The Sample
Of the 180 luminous (1011 < LIR/L⊙ < 10
12) and
22 ultraluminous (LIR > 10
12L⊙) IR systems compris-
ing the GOALS sample, several are multiple interact-
ing galaxies that are resolved in the MIR. As a result,
244 individual galaxy nuclei were targeted for MIR spec-
troscopy using the low resolution Short-Low (SL: 5.5-
14.5 µm) and Long-Low (LL: 14-35 µm) modules of the
Spitzer Infrared Spectrograph (IRS; Houck et al. 2004).
New staring mode observations were obtained for 157
of the LIRG systems (PID 30323; PI L. Armus), and
archival low resolution staring or mapping mode data
were acquired for the remainder of the sample.
All 202 systems are nearby but cover a range of dis-
tances (15 Mpc < D < 400 Mpc) and so the resulting
projected IRS slit width varies from source to source.
At the median galaxy distance of 100 Mpc, the nuclear
spectrum covers the central 1.8 kpc in SL and the cen-
tral 5.2 kpc in LL. Since NGC1068 (the nearest GOALS
galaxy at D = 15.9 Mpc) saturates the spectrograph, the
closest sources for which results are presented here are
NGC2146 (D = 17.5 Mpc) and NGC1365 (D = 17.9 Mpc)
which are probed on sub-kpc scales by both the SL and
LL slits. For the most distant galaxy in the sample, the
ULIRG IRAS07251-0248 (D = 400 Mpc), the SL and LL
slit widths translate to ∼7 kpc and 21 kpc respectively.
2.2. Data Reduction
The data reduction is described in detail and all 244
reduced GOALS spectra are presented in Stierwalt et al.
(2013) along with tabulated values for 6.2-µm PAH
equivalent widths, apparent silicate absorption feature
depths, and MIR slopes for the entire sample. Briefly,
staring mode spectroscopic data were reduced using the
S17 and S18.7 IRS pipelines from the Spitzer Science
Center14. One dimensional spectra were extracted us-
ing the standard extraction aperture and point source
calibration modes in SPICE15 which employs a tapered
extraction aperture that averages roughly to a size of
10.′′6×36.′′6 in LL and 3.′′7×9.′′5 in SL. For the 18 systems
with archival mapping mode data, spectra were extracted
using CUBISM (Smith et al. 2007a).
The three most prominent absorption features in the
MIR are those due to silicate dust grains at 9.7 and
18.5µm and ices at 6.0µm. In all three cases, the ex-
tent of the extinction can be quantified in two different
ways: the strength of the absorption feature, sλ and the
optical depth, τλ. The strength sλ is measured directly
from the data (and thus does not rely on the result of
the spectral decomposition) via: sλ = log(fλ/Cλ) where
fλ is the measured flux at the central wavelength of the
absorption feature and Cλ is the estimated level of the
continuum flux in the absence of the absorption feature,
as derived from an extrapolation to the surrounding con-
tinuum. Thus, sλ > 0 indicates emission at that wave-
length. This method for calculating s9.7µm follows that
of Spoon et al. (2007) and the resulting values for the
GOALS galaxies are presented in Stierwalt et al. (2013).
We also use our spectral decomposition method to de-
rive optical depths corrected for extinction for the ices
at 6.0µm and the silicates at 9.7µm, τice and τ9.7µm.
The level of dust obscuration in each source is deter-
mined by assuming the PAH-emitting dust grains are
intermixed with a colder dust component that is posi-
tioned between the observer and a warmer dust compo-
nent (Marshall et al. 2007). The warm dust component
is thus assumed to be extinguished according to fwarm =
fwarm,0 e
−τλ (screen geometry), while the extinction law
applied to the PAHs follows fPAH = fPAH,0
1−e−τλ
τλ
(mixed geometry), where fwarm,0 and fPAH,0 are the
emitted fluxes before they have been extinguished.
2.3. Spectral Fitting
To measure line and PAH feature fluxes, silicate op-
tical depths, water ice absorption, and dust tempera-
tures, each low resolution spectrum was fit using the
Continuum And Feature Extraction (CAFE) spectral de-
composition method developed by Marshall et al. (2007).
CAFE requires no prior knowledge of galaxy type or ge-
ometry and so is well suited for fitting the SEDs for
sources that include both a starburst and an AGN and
for sources where we do not have prior knowledge of the
viewing angle geometry. An observed spectrum is de-
composed into emission from old stellar populations (the
interstellar radiation field), PAHs, atomic and molecular
lines, and thermally heated graphite and silicate grains
at several characteristic temperatures. We assume that
14 For more information see:
http://ssc.spitzer.caltech.edu/irs/features.html
15 For more information see:
http://ssc.spitzer.caltech.edu/postbcd/doc/spice.pdf
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warm dust grains are located behind a screen of obscur-
ing graphite and silicate grains that are thoroughly mixed
with PAHs, and that the amount of extinction to the
warm dust and PAH components is a free parameter of
the fitting procedure. To make spectral fitting possi-
ble, each spectrum from SL is scaled up by a constant
multiplicative factor to match the larger LL slit, which
covers nine times the area covered by the SL slit (i.e. slit
widths of 10.′′7 versus 3.′′6). The scale factors are calcu-
lated from the wavelength coverage overlap in the SL1
and LL2 modules near 14µm and are presented for indi-
vidual sources in Stierwalt et al. (2013). Excluding the
17 systems for which an additional nucleus falls within
the LL slit compared to the SL slit, the scale factors
range from 0.91 to 2 for 93% of the nuclei. The remain-
ing fifteen sources with larger scale factors (i.e. scale
factors between 2 and 5) are due to extended structure
outside of the SL slit. Whenever features from SL and
LL are compared in the following sections, the possible
consequences of this scaling are discussed.
Of the 244 nuclear spectra in the GOALS sample,
10 are excluded from the analysis that follows be-
cause they lack complete IRS observations (NGC4922,
IRASF08339+6517, ESO550-IG025 and IC4518), they
saturate the spectrograph (NGC1068)16, or the archival
SL staring mode observations were not centered
on the galaxy nucleus (IIIZw035, IRASF03359+1523,
MCG+08-18-013, IRASF17132+5313, and MCG-01-60-
022). For the remaining 234 sources, an individual
PAH or line feature is considered detected if the signal-
to-noise ratio is greater than 2.5. Among the fitted
sources are two galaxies for which only Short-Low spec-
tra are available (NGC2388 and VV705) so these are
excluded from any plots involving features at λobs >
14µm (i.e. the PAH emission complex or the H2S(1)
line at ∼17µm). Also excluded from any analysis at
λobs > 14µm are 12 sources for which multiple nuclei
fell in the Long-Low slit but not in the Short-Low aper-
ture (CGCG448-020, ESO077-IG014, ESO173-G015,
ESO255-IG007, ESO343-IG013, ESO440-IG058 (north-
ern nucleus only), IRAS03582+6012, IRASF06076-
2139, NGC5653, NGC6090, NGC3690 (western nu-
cleus only), and NGC5256). Only 3 sources do not
have enough silicate absorption, PAH, or emission line
features to produce a reliable fit, IRAS05223+1908,
Mrk 231 (or UGC08058), and NGC1275, and so
are considered PAH and spectral line nondetec-
tions. Six sources are affected by very deep sili-
cate absorption (ESO203-IG001; IRAS03582+6012 E;
IRAS08572+3915, IRAS15250+3609; ESO374-IG032;
and NGC4418) and the detailed structure between 8µm-
20µm is not well-reproduced by the fit. These galaxies
are discussed in more detail in Sections 3.5.1 & 3.5.2.
We compare the results from CAFE to those derived
from the PAH fitting program PAHFIT (Smith et al.
2007b) for the same set of GOALS sources and find
the results to be largely consistent. For the PAH fea-
ture ratio of L(6.2µm)/L(7.7µm), the results for 90% of
the GOALS sample agree within 10%. The biggest dif-
ference between the two fitting techniques results from
different treatments of extinction due to both silicates
16 For a detailed discussion of the IRS spectra of NGC1068, see
Howell et al. (2007).
(since CAFE includes silicate feature emission in unex-
tinguished dust components, see Marshall et al. 2007)
and ices (which PAHFIT does not model). The diffi-
culty of applying other MIR dust models, normally used
for starburst galaxies, to the heavily obscured GOALS
LIRGs was also noted by Dopita et al. (2011) who de-
rived silicate absorption parameters using an empirical
fitting technique instead. These different approaches
used by CAFE and PAHFIT affect most noticeably the
flux derived for the 11.3-µm PAH complex which is near-
est to the center of the 9.7-µm silicate absorption fea-
ture. For the dustiest sources, the resulting PAH fluxes
derived from the two methods differ by as much as 40%.
However, the derived L(11.3µm)/L(7.7µm) flux ratio as
measured by CAFE and PAHFIT agrees within 10% for
70% of the measured sources.
The results of the spectral decomposition for the
GOALS sample as obtained by CAFE are presented in
Tables 1 (PAH strengths, ice & silicate optical depths),
and 2 (H2 emission line strengths). No extinction cor-
rection has been applied to the H2 line fluxes.
3. RESULTS
The basic MIR parameters measured directly from
the spectra without requiring the detailed spec-
tral decomposition (i.e. EQW6.2µm, s9.7µm, and
Fν [30µm]/Fν[15µm]) were presented in Stierwalt et al.
(2013). We found that although local LIRGs cover a
large range of MIR properties and any single LIRG can-
not represent the class as a whole, the majority (63%)
of LIRGs have EQW6.2µm > 0.4µm, s9.7µm > -1.0, and
MIR slopes in the range of 4 < Fν [30µm]/Fν[15µm] <
10. Although less numerous (only 18% of the sample),
LIRGs with the largest contributions from AGN (those
with EQW6.2µm < 0.27µm) cover a wider range of MIR
slopes and silicate strengths than those sources of higher
equivalent width that make up the majority of the sam-
ple. The sources with extremely low PAH equivalent
widths (EQW6.2µm<0.1µm) separate into two distinct
types: relatively unobscured sources with a very hot dust
component (and thus very shallowMIR slopes) and heav-
ily dust obscured nuclei with a steep temperature gradi-
ent.
Figure 1 shows nine example spectra that represent the
ranges of 6.2-µm PAH equivalent width, silicate depth
and MIR slope covered by the sample together with the
fits produced by CAFE.
3.1. A Uniform PAH Spectral Signature in Starburst
LIRGs
Dust grain geometry, size distribution, and ionization
state can all affect the PAH feature ratios observed in the
nuclear spectra. Our spectral decomposition method al-
lows for the separation of line and PAH emission from the
dust continuum and from the effects of silicate absorp-
tion and thus enables full modeling of the contribution
from each component. The three most dominant PAH
features (at 6.2, 7.7, and 11.3µm) are plotted as ratios
for GOALS galaxies both with and without an extinction
correction in Figure 2. Note that all three PAH features
are observed in the SL portion of the spectrum and so
their ratios are unaffected by the SL-to-LL multiplicative
scale factors discussed in Section 2.3.
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Fig. 1.— Low Resolution IRS Spectra with CAFE spectral decomposition results for 9 sources representing the ranges in 6.2-µm PAH
equivalent width (top row), silicate depth (middle row), and MIR slope (Fν [30µm]/Fν [15µm]; bottom row) covered by the GOALS sample.
The overall fitted model is shown in yellow. Also shown are the warm and cool dust components (green and blue dashed lines), the overall
continuum fit (gray dashed line), selected individual PAH emission features (blue solid lines), and unresolved atomic and molecular spectral
line features (red dashed lines).
The two tracks in each panel of Figure 2 represent
the theoretical models of Draine & Li (2001) for purely
ionized (lower track) and purely neutral (upper track)
dust grains with grain size increasing toward the up-
per left. The 11.3-µm PAH is thought to originate from
carbon-hydrogen bending modes of neutral grains, while
the PAH emission at 6.2 and 7.7µm is produced by
carbon-carbon stretching modes of cations. Thus higher
L(11.3µm Complex)/L(7.7µm Complex) ratios may in-
dicate a lower fraction of ionized grains (Li & Draine
2001; Allamandola et al. 1999). Changes in PAH lumi-
nosity ratios may also reflect differing dust grain sizes
as smaller dust grains are more likely to have higher-
frequency vibrational modes and thus radiate at shorter
wavelengths.
When extinction corrected (right panels), the LIRGs
are highly concentrated around the average values
〈L(11.3µm Complex)/L(7.7µm Complex)〉 = 0.31±0.10
and 〈L(6.2µm)/L(7.7µm Complex)〉 = 0.26±0.06. Such
a tight clustering is not observed, however, for the mea-
sured values without correction for dust extinction (left
panels) where the dispersion in the PAH ratios is twice
as high. Since the PAH feature at 11.3µm is most
affected by the nearby silicate absorption feature at
9.7µm, the L(11.3µm Complex)/L(7.7µm Complex) ra-
tio is more strongly affected by the extinction correction
than the L(6.2µm)/L(7.7µm Complex) ratio. Correct-
ing the PAH ratios for extinction both reduces the dis-
persion in the distribution shown in Figure 2 and shifts
the entire distribution up, favoring a more neutral grain
population.
In LIRGs where starbursts dominate the MIR emission
(i.e. EQW6.2µm≥0.54µm, the average EQW6.2µm ob-
served for the starbursts of Brandl et al. 2006, lower pan-
els), very little variation is seen in the PAH feature ratios
(and thus the ionization states and grain size distribu-
tions) after correcting for extinction. However, the scat-
ter increases with decreasing PAH equivalent width. The
lowest equivalent width sources (EQW6.2µm <0.27µm;
red circles) are not offset from the higher EQW sources
but instead have an increased dispersion that is ∼35%
larger than that observed for the highest EQW sources.
A low PAH equivalent width requires a larger contribu-
tion from the hot dust continuum relative to PAH emis-
sion which typically indicates the presence of an AGN.
Therefore, LIRGs with a larger fraction of their MIR
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emission produced by an AGN also have a much larger
spread in their PAH ratios, an effect that is explored in
Section 4.2.
3.2. The 17-µm PAH Complex
In addition to the more dominant PAH emission fea-
tures at 6.2, 7.7, and 11.3µm, a strong emission fea-
ture at 17µm is also thought to originate from PAH
bending modes (Smith et al. 2004; Werner et al. 2004;
Peeters et al. 2004). Together these four PAH features
make up on average 73% of the total PAH emission in
each GOALS LIRG. As shown in Figure 3, the lumi-
nosities of the 6.2, 7.7, and 11.3-µm PAH features (red,
purple, and blue circles) are 1.4-5.5 times stronger than
that of the 17-µm PAH.
Although the correlations in Figure 3 support the
association of the 17-µm feature with PAH emission,
the inclusion of the 17-µm feature causes the largest
spread in PAH ratios observed for the GOALS sam-
ple. In Figure 4, the L(11.3µm Complex)/L(17µm Com-
plex) ratio is plotted against the L(6.2µm)/L(7.7µm
Complex) ratio and found to vary by a factor of five.
The sources with the highest EQW6.2µm (starburst-
dominated galaxies; blue stars) are not as highly clus-
tered in (11.3µm Complex)/L(17µm Complex) as they
are in the L(11.3µm Complex)/L(7.7µm Complex) ratio
(seen in Figure 2).
The 17-µm PAH feature is observed in the LL mod-
ule and so some of the scatter in Figure 4 may be due
to the difference in SL and LL aperture sizes. However,
the increased dispersion in L(11.3µm Complex)/L(17µm
Complex) cannot be the result of aperture effects alone.
If the scaling factors used to boost the SL-derived flux to
match that observed within the LL aperture are removed
from the L(11.3µm Complex) measurements (i.e. we di-
vide the 11.3-µm PAH flux by the same scale factor ap-
plied to the SL spectrum to allow the fitting), the spread
in the L(11.3µm Complex)/L(17µm Complex) remains
the same and the sources pushing the upper and lower
range of the ratio show no significant changes. Only the
mean ratio for the sample as a whole decreases slightly
to L(11.3µm Complex)/L(17µmComplex)∼1.2. There is
also no clear correlation observed between the PAH ra-
tio and the distance to the galaxy, suggesting that while
changing the fraction of the galaxy intercepted by the
IRS slit may cause some points to move around in Fig-
ure 4, the overall distribution remains the same.
The ranges of PAH luminosity ratios shown in Fig-
ures 2 and 4 for the GOALS sources are similar to
those covered by the nearby, normal star-forming galax-
ies from the Spitzer Infrared Nearby Galaxies Survey
(SINGS; Smith et al. 2007b), the 24-µm selected sys-
tems of the 5mJy Unbiased Spitzer Extragalactic Sur-
vey (5MUSES; Wu et al. 2010), the UV-selected nearby
galaxies in the Spitzer SDSS Galaxy Spectroscopic Sur-
vey (SSGSS; O’Dowd et al. 2009), and the slightly higher
redshift LIRG sample of Shipley et al. (2013). A similar
clustering in PAH ratios was also observed for galactic
photodissociation regions (PDRs) and Magellanic HII re-
gions (Galliano et al. 2008). These similarities suggest
that the PDRs don’t have fundamentally different prop-
erties in these different galaxy samples. One exception
to this homogeneity across galaxy type and luminosity,
the L(7.7µm)/L(11.3µm) ratio, is discussed in the next
section.
3.3. PAHs and Neon Fine Structure Lines
Two of the most prominent emission lines in the
MIR, [NeIII] at 15.6µm and [NeII] at 12.8µm, pro-
vide a direct diagnostic for determining the ionization
state of the gas or the hardness of the radiation field
(Dopita & Sutherland 2003; Groves et al. 2008). In Fig-
ure 5, we plot the L([NeIII] 15.6µm)/L([NeII] 12.8µm)
ratio17 which does not have a strong dependence on dust
grain size, against the L(7.7µm Complex)/L(11.3µm
Complex) ratio which varies both with ionization state
and grain size18. The PAH ratio varies by less than a
factor of three across nearly two orders of magnitude of
neon ratios, and thus over a large range of ionization
states.
Despite covering the same range of ionization states,
the SINGS nearby star-forming galaxies (shown by the
black symbols in Figure 5) show a variation in the
L(7.7µm Complex)/L(11.3µm Complex) ratio of up to
a factor of 10 (Smith et al. 2007b). Specifically, six of
the SINGS sources for which >50% of the MIR emission
is derived from an AGN (black asterisks) are found at low
PAH luminosity ratios (L(7.7µm)/L(11.3µm) < 2) that
are not reached by the GOALS sample. GOALS galaxies
with low EQW6.2µm, and thus a likely significant contri-
bution from an AGN, clearly favor higher neon ratios
as is observed for AGN-dominated SINGS sources, but
these AGN only increase the scatter of the PAH feature
ratio to both higher and lower values rather than just
favoring low L(7.7µm)/L(11.3µm). Other PAH studies
have claimed to see a preference for sources hosting an
AGN to be found in the lower right corner of Figure 5
(Wu et al. 2010; O’Dowd et al. 2009), but all are based
on only a few data points and, like GOALS, do not repro-
duce the clear tail observed for SINGS. The dispersion
in this PAH ratio (and lack thereof) is discussed in more
detail in Section 4.2.
The extinction corrections applied by CAFE (and not
applied by PAHFIT used to produce the SINGS results)
are not responsible for the lack of GOALS galaxies with
L(7.7µm)/L(11.3µm) < 2. As shown in Figure 2, re-
moving the extinction correction would shift the GOALS
galaxies to even higher L(7.7µm)/L(11.3µm) ratios. The
applied SL-to-LL scaling factors also do not affect the
L(7.7µm)/L(11.3µm) ratio, as both features are mea-
sured from the SL spectrum.
3.4. PAH Contribution to IR Luminosity
3.4.1. Tracing LPAH with EQW6.2µm
In the absence of more detailed MIR spectral de-
composition, the equivalent widths of the strongest
17 The neon ratios plotted here are derived from the CAFE fits
to the low resolution spectra which follow the same distributions
as the emission line fluxes derived from the high resolution spec-
tra. The emission line fluxes are roughly 40% higher than those
measured in the short-high module in part due to the larger slit
size of the long-low module. We refer the reader to Inami et al.
(2013) for a detailed discussion and comparison to models of the
fine structure lines.
18 Although the inverse PAH ratio was plotted in Figure 2 and
discussed in Section 3.1, the L(7.7µm Complex)/L(11.3µm Com-
plex) ratio is used as a tracer of grain size and ionization state in
Smith et al. (2007b), so we quote it here for ease of comparison.
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Fig. 2.— PAH Diagnostics: L(6.2µm)/L(7.7µm Complex) vs L(11.3µm Complex)/L(7.7µm Complex) for 226 GOALS sources color
coded by the 6.2-µm PAH equivalent width (EQW6.2µm) as observed (left panels) and corrected for extinction (right panels). The highest
equivalent width sources (EQW6.2µm≥0.54µm) are plotted separately in the lower panels for clarity. Less variation is seen in the PAH
ratios once we account for the obscuring dust. While the mean locus remains the same, there is a marked increase in the range of PAH
ratios seen in the AGN-dominated sources compared to those that are starburst-dominated, suggesting an influence of the AGN on the
PAH grains. The expected ratios for purely neutral and purely ionized PAHs derived from the dust models of (Draine & Li 2001) are shown
by a solid black lines with PAH grain size increasing toward the upper left.
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Fig. 3.— PAH Diagnostics: Luminosities of the three strongest
PAH features, L(6.2µm) in red, L(7.7µm Complex) in purple, and
L(11.3µm Complex) in blue, for 196 GOALS sources, weighted by
and correlated with the luminosity of the 17-µm PAH complex.
The red, purple, and blue dashed lines show the median values for
each of the three PAH fractions. Only the uncertainties on the
11.3-µm PAH fraction are shown for clarity.
PAH features have been used as proxies for the rel-
ative strengths of dust continuum versus PAH fea-
ture emission. In particular, the EQW of the 6.2 or
7.7µm features, which are both prominent and not
substantially affected by extinction or blending with
other MIR features, have been studied extensively as
function of various physical parameters such as the
metallicity (i.e. Wu et al. (2006)) or AGN strength
(i.e. Genzel et al. 1998; Laurent et al. 2000; Armus et al.
2007; Veilleux et al. 2009; Petric et al. 2011). Our de-
tailed, multicomponent spectral decomposition allows for
the separation of not only the main PAH features dis-
cussed so far at 6.2, 7.7, 11.3, and 17µm, but also the
weaker PAH emission features (i.e. at 8.6, 12, 12.6, 13.6,
14.2, and 16.4µm) and thus provides an accurate mea-
sure of the total PAH contribution to the infrared lumi-
nosity (L(PAH)/L(IR)).
The L(PAH)/L(IR) fraction is shown in Figure 6
as it relates to EQW6.2µm, L(IR), and merger stage
for the GOALS sample. L(PAH) is derived from the
CAFE fit to each nuclear spectrum and then scaled up
to account for emission outside the slit. This multi-
plicative factor, which ranges from 0.8 to 8.8 and is
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Fig. 4.— PAH Diagnostics: PAH luminosity ratios of
the four strongest PAH features: L(6.2µm)/L(7.7µm Com-
plex) vs L(11.3µm Complex)/L(17µm Complex) for 203 GOALS
sources color-coded by the equivalent width of the 6.2µm
PAH (EQW6.2µm) with starburst dominated sources (i.e.
EQW6.2µm≥0.54) plotted separately in the right panel. Among
the four strongest PAH features, the L(11.3µm Complex)/L(17µm
Complex) ratio exhibits the largest spread, varying by a factor of
∼5.
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Fig. 5.— PAH Diagnostics: Fine structure line ratio L([NeIII]
15.6µm)/L([NeII] 12.8µm) vs the PAH feature ratio L(7.7µm
Complex)/L(11.3µm Complex) for 203 GOALS sources color-
coded by the equivalent width of the 6.2µm PAH. The star-
burst LIRGs (blue stars) cover the same range of ratios as the
SINGS lower luminosity starbursts (black diamonds) but the AGN-
dominated LIRGs (red circles) do not reach the low PAH ratios
observed for the SINGS AGN (black asterisks).
given for all sources in Table 1, represents the frac-
tion of the emission at 8µm intercepted by the IRS
slit: F IRACtot [8µm]/F
IRS
slit [8µm] where F
IRAC
tot [8µm] is the
total flux of a source as measured from its IRAC 8-
µm image and F IRSslit [8µm] is the flux within the IRS
slit derived by convolving the IRAC 8-µm filter with
the low resolution IRS spectrum. Eight sources with
large factors (i.e. FIRACtot [8µm]/F
IRAC
slit [8µm] > 10) —
usually due to detailed, extended structure outside of
the slit — were not included (see Stierwalt et al. (2013)
for IRS slit projections shown on the IRAC 8-µm im-
ages). The L(PAH)/L(IR) for these eight sources ranged
from 0.04 to 0.19. The total IR luminosities for all 202
U/LIRG systems were presented in Armus et al. (2009)
and derived using the definitions of Sanders & Mirabel
(1996)19. In cases of multiple nuclei, the total L(IR) for
the system is divided according to the ratio of the fluxes
at 70 µm for each nuclei. In a small number of cases,
70-µm images are not available and so 24-µm flux ratios
are used instead.
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Fig. 6.— Total PAH Luminosity: The contribution of the to-
tal PAH luminosity L(PAH) to the total IR luminosity L(IR) in
174 GOALS LIRGs (circles) and ULIRGs (triangles) is plotted
against the equivalent width of the 6.2µm PAH (left panel) and
log(L(IR)/L⊙) (right panel). L(PAH) is derived from all measur-
able PAH features (i.e. at 6.2, 7.7, 8.6, 11.3 12, 12.6, 13.6, 14.2,
16.4, and 17 µm) and then scaled up to account for emission out-
side the slit. Both plots are color-coded by merger stage as clas-
sified from HST and IRAC 3.6-µm imaging (see Stierwalt et al.
2013). The 3-σ clipped average of L(PAH)/L(IR) for each merger
class is shown by a vertical dashed line.
For the LIRGs in Figure 6, the fraction of PAH-to-
IR luminosity ranges from 0 to 23% with a mean value
of 8.3±5.8%. These are similar to the mean value and
range covered by the lower luminosity SINGS galaxies
(Smith et al. 2007b) and by LIRGs at slightly higher red-
shifts (0.02 < z < 0.6; Lagache et al. 2004; Shipley et al.
2013). With a standard deviation of nearly 6%, how-
ever, the GOALS LIRGS are nearly evenly distributed
across a wide range of PAH fractions. Even the starburst-
dominated LIRGs (EQW6.2µm≥0.54µm) are found to
19 LIR/L⊙ = 4pi(DL[m])
2(FIR[Wm
−2])/3.826 × 1026[Wm−2]
and FIR = 1.8 × 10
−14(13.48f12µm + 5.16f25µm + 2.58f60µm +
f100µm[Wm−2])
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have a standard deviation of 4.7% about a mean PAH-
to-IR luminosity of 9.5%.
There is no linear correlation in either panel of Fig-
ure 6, but clear trends are observed. LIRGs with larger
luminosity contributions from PAHs (L(PAH)/L(IR)
> 10%) cover a narrow range of IR properties (i.e.
EQW6.2µm > 0.4µm and log(L(IR)/L⊙) < 11.5). How-
ever, LIRGs with lower luminosity contributions from
PAHs (L(PAH)/L(IR) < 5%) are observed over nearly
the full range of L(IR) and EQW6.2µm. This suggests
that sources can have a high EQW6.2µm and still have low
L(PAH)/L(IR), but cannot have a high L(PAH)/L(IR)
without a high EQW6.2µm.
The GOALS U/LIRGs in Figure 6 are also color coded
by merger stage as presented in Table 1 of Stierwalt et al.
(2013). Each galaxy is classified in one of five categories:
nonmergers (no sign of merger activity or massive neigh-
bors; shown in purple), pre-mergers (galaxy pairs prior to
a first encounter; light blue), early-stage mergers (post-
first encounter with galaxy disks still symmetric and in
tact but with signs of tidal tails; green), mid-stage merg-
ers (showing amorphous disks, tidal tails, and other signs
of merger activity; yellow), or late-stage mergers (two
nuclei in a common envelope; red). The 3-σ clipped av-
erage of L(PAH)/L(IR) for each merger class is shown
by a vertical dashed line.
As shown in Figure 6, LIRGs in an early-merger state
have a slightly higher median PAH contribution (8.4%;
green line) than nonmergers (7.3%; purple line), mid-
stage mergers (6.3%; yellow line) and late-stage merg-
ers (6.2%; red line) and are not found with ratios <3%.
Pre-mergers, or double galaxy systems prior to a first
encounter (i.e. no signs of tidal tails) have the highest
median PAH contribution to the IR luminosity at 12.8%
(light blue line). These galaxies may more closely resem-
ble lower luminosity starbursting galaxies. The apparent
decrease in L(PAH)/L(IR) for late stage mergers com-
pared to pre-mergers is consistent with a higher fraction
of low EQW6.2µm sources and an excess of IR emission
not associated with star formation. As shown in Fig-
ure 8 of Stierwalt et al. (2013), the fraction of starburst-
dominated LIRGs declines significantly for later merger
stages while the fraction of composite sources (those
with a weak AGN that does not yet dominate over star
formation in the MIR) increases. Despite these slight
differences in merger stage medians, galaxies at each
merger stage are observed over nearly the full range of
L(PAH)/L(IR).
The GOALS ULIRGs (triangles) cover a much nar-
rower range of L(PAH)/L(IR) (between 2 and 7%) with
a median value of 2.5±1.4%, suggesting that PAH emis-
sion becomes substantially weaker in the ULIRGs. To
illustrate this point more clearly, in Figure 7, we plot the
EQW6.2µm as a function of νLν [24µm] for 190 GOALS
LIRGs (purple circles) and a larger sample of 107 local
ULIRGs from Desai et al. (2007) (red squares; see their
Fig. 9) both binned by νLν [24µm] (as indicated by the
shaded regions) and then averaged in EQW6.2µm.
From Figure 7, we observe that over two orders of
magnitude in νLν(24µm), the local LIRGs display an
EQW6.2µm of 0.5-0.7µm, very close to the average for
local starbursts (0.54µm; dashed line) measured by
Brandl et al. (2006). This suggests that for the given
luminosity range, the integrated star forming properties
of the galaxies as well as the conditions of the ISM and
the PDRs surrounding the massive star forming regions
are all very similar. Only when we reach 24-µm lu-
minosities close to 1011L⊙ is a decrease observed and
the EQW6.2µm of the GOALS LIRGs sample drops to
a value of ∼0.4µm, approaching the trend indicated by
the ULIRGs of Desai et al. (2007).
Interestingly, higher redshift submillimeter galax-
ies (Mene´ndez-Delmestre et al. 2007, blue stars) and
composite star forming galaxies at z of 1 and 2
(Kirkpatrick et al. 2012, green stars), do not follow
this downturn. Instead we see that despite having
higher rest-frame 24µm luminosities than the LIRGs,
their EQW6.2µm remains high (EQW6.2µm>0.48µm).
This is consistent with the larger sizes and gas frac-
tions observed for SMGs compared to local ULIRGs
(i.e. Daddi et al. 2010b; Genzel et al. 2010; Elbaz et al.
2011). At EQW6.2µm=0.09µm, the composite spectrum
from the Kirkpatrick et al. (2012) sample representing
AGN showing signs of silicate absorption at 9.7µm (black
triangle) is consistent with these objects having a very
compact, highly obscured emitting region with a strong
temperature gradient similar to the local ULIRGs, but
the composite spectrum only represents a small fraction
of the higher redshift galaxies in their sample.
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Fig. 7.— The 6.2µm EQW as a function of 24-µm luminosity for
the GOALS LIRGs (purple circles) and the ULIRGs of Desai et al.
(2007) (red squares) both binned according to νLν [24µm] with a
roughly equal number of galaxies per bin. The LIRG luminosity
bins are indicated by the shaded regions and the ULIRG lumi-
nosity bins are shown in Figure 9 of Desai et al. (2007). Two in-
dividual high-z SMGs from Mene´ndez-Delmestre et al. (2007) are
shown as blue stars and the composite star-forming galaxies of
Kirkpatrick et al. (2012) are shown as closed (z∼1) and open (z∼2)
green stars. The black triangle represents the composite spectrum
of Kirkpatrick et al. (2012) for AGN showing 9.7µm silicate ab-
sorption. The horizontal dashed line shows the average EQW6.2µm
observed for the lower luminosity starburst galaxies of Brandl et al.
(2006) and the solid line is the linear fit to the ULIRG sample from
Desai et al. (2007).
3.4.2. PAHs and the Starburst Main Sequence
Recent investigations have revealed that galaxies with
high specific star formation rates (i.e. starbursts) sepa-
rate themselves from a so-called main sequence of nor-
mal, star-forming galaxies in the ratio of total IR lumi-
nosity to rest-frame 8µm luminosity, IR8 =LIR/L8µm
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(Daddi et al. 2010a; Elbaz et al. 2011). In particular,
those galaxies with the most intense, compact star-
bursts have higher values of IR8 (Elbaz et al. 2011, see
also Dı´az-Santos et al. (2010) for a discussion of how
although the range of distances, and thus spatial ex-
tents probed by the slit, may contribute in a few spe-
cific cases, it is clearly not the dominant effect for the
GOALS sample). As shown in Figure 8, most GOALS
galaxies are found above the star-forming main sequence
(dashed line at log(IR8) ∼ 0.7). There is an inverse
correlation (dashed-dotted line in the left panel) be-
tween IR8 and the PAH fraction at 8µm20 for sources
with EQW6.2µm>0.41µm which suggests that compact,
star-bursting LIRGs with high specific star formation
rates have less PAH emission with respect to their IR
emission than do star-forming galaxies on the main se-
quence. This relation is parameterized by log(IR8) =
2.8(±.3) − 3(±.5) × FRACPAH [8µm]. LIRGs likely to
harbor an AGN (i.e. those with EQW6.2µm<0.41µm;
red circles & orange squares) show no correlation between
IR8 and the contribution from PAH emission to the to-
tal flux. There is no obvious link between IR8 and the
7.7-µm to 11.3µm PAH ratio (middle panel), but IR8 in-
creases with the continuum flux ratio f(24µm)/f(15µm)
(right panel).
Taken together, the three panels in Figure 8 suggest
that destruction of smaller dust grains is not the cause
of the higher IR8 observed in more compact starburst
systems. Instead, since the grain size or ionization distri-
bution is not changing but the overall flux contribution
from the PAHs is decreasing for the higher EQW6.2µm
sources, there instead is likely less PDR emission relative
to the emission in the IR. The increasing L(IR) shifts the
peak emission to warmer dust temperatures which results
in an increase in the emission at 24µm relative to that at
15µm. A relative decrease in PDR emission is consistent
with the results of Inami et al. (2013) who saw no cor-
relation between IR8 and the hardness of the radiation
field as measured via emission lines from the ionized gas
and of Dı´az-Santos et al. (2013) who observed a corre-
lation between [CII]/FIR, the average dust temperature,
and the luminosity surface density of the associated MIR
emitting region.
A recent analysis (Magdis et al. 2013) of the Herschel
and Spitzer data for the 5MUSES, 24-µm selected sample
of galaxies (Wu et al. 2010) finds an anti-correlation be-
tween IR8 and the 6.2-µm PAH equivalent width among
star-forming galaxies and ascribes the change to vari-
ations in the PAH emission. We see a similar anti-
correlation of IR8 with the fraction of PAH emission at
8µm. However, we see no correlation of IR8 with the
PAH band ratios, and the relatively small change in the
PAH fraction at 8µm (a factor of 1.4) cannot account
for the rise of 5-10 times seen in IR8 among starburst-
dominated LIRGs in Figure 8. This suggests that while
the PAH emission decreases relative to the MIR contin-
uum (less relative PDR emission), the change in IR8 is
dominated by a rise in the IR emission, driven mostly by
20 We calculate the PAH fraction at 8µm as: FRACPAH [8µm]
= (fobsν (7.7µm PAH) + f
obs
ν (8µm PAH))/f
IRAC
ν (8 µm) where the
PAH fluxes are not corrected for extinction and fIRACν (8 µm) is
the total 8 µm flux within the IRS slit derived from convolving the
IRAC 8-µm filter with the low resolution IRS spectrum.
the FIR (leading to increased f(24)/f(15) as shown in the
right panel of Figure 8), and not an overall change in the
properties of the small grains.
3.5. Sources of PAH Obscuration
3.5.1. Silicate Absorption at 9.7 & 18.5µm
The Si-O stretching and O-Si-O bending resonances
of silicate dust grains produce broad absorption features
in the MIR at 9.7µm and 18.5µm. Due to the large
widths of these features (often spanning >1µm), the sil-
icate grains producing them are likely amorphous. The
distribution of silicate strengths at 9.7µm (s9.7µm) for
the entire GOALS sample and the relation of s9.7µm to
other MIR properties were presented in Stierwalt et al.
(2013). We summarize those results here by noting that
-3.58 < s9.7µm <0.52 for the GOALS sample and that
the GOALS ULIRGs are on average more highly ob-
scured than the LIRGs with 〈s9.7µm〉ULIRGs = -1.28 and
〈s9.7µm〉LIRGs = -0.34. The MIR spectra for the most
heavily obscured GOALS galaxies are given in Figure
9. Together with IRAS08572+3915 (shown in Figure 1),
these 11 sources make up the the entirety of the GOALS
sample with s9.7µm < -1.75.
For two of these LIRGs, IRAS03582+6012 E and
ESO374-IG032, only a poor fit can be made at λ .
10µm and near 10µm and 18µm where the deep silicate
absorption features are present. In each case, the fit pro-
duced from the dust model assumed by CAFE falls below
the observed spectrum in these regions suggesting these
sources have an excess of hot dust emission contribut-
ing below 10µm. These sources also show the shallowest
MIR slopes of the entire sample at Fν [30µm]/Fν[5µm]
= 9.55 and Fν [30µm]/Fν[5µm] = 5.14, respectively.
ESO374-IG032 hosts an hydroxyl (OH) megamaser
(Kazes et al. 1990; Darling & Giovanelli 2002) which are
often indicators of major mergers and large amounts of
very dense molecular gas in LIRGs (Baan et al. 1992).
3.5.2. Crystalline Silicates at 23µm
In a few of the heavily obscured sources (s9.7µm < -
1.75), CAFE produces a good quality fit to most of the
MIR spectrum, but the detailed structure between 8-
10µm or between 18-20µm is not well-represented. A
different dust model, specifically one that includes the
presence of crystalline silicates, might be necessary to
explain the detailed spectral structure in these obscured
sources. Crystalline silicates appear as absorption fea-
tures at 11, 16, 19, 23, and 28µm. The overlap that
occurs with the stronger, broader absorption features at
9.7 and 18.5µm due to amorphous silicate grains affects
the shape and depth of the broad absorption features
which then cannot be reproduced well by CAFE. Crys-
talline silicates, specifically the Mg2SiO4 molecule, have
been shown to be important in the heavily obscured, late
merger stage of ULIRGs (Spoon et al. 2006). The pres-
ence of crystalline dust grains indicates ongoing star for-
mation, specifically in the cooler outer regions since they
are observed in absorption, and, given the strength of
the features relative to those produced by amorphous sili-
cates, Spoon et al. (2006) suggest the crystalline silicates
observed in the heavily obscured ULIRGs are produced
by massive stars on short timescales.
The crystalline silicate feature at 23µm is the feature
most clearly seen at the resolutions of the SL and LL IRS
10 Stierwalt et al.
0.2 0.3 0.4 0.5 0.6 0.7  
PAH Fraction at 8µm
0.0
0.5
1.0
1.5
2.0
2.5
lo
g 
(IR
8 =
 L
IR
/L
8µ
m
)
0.2 0.3 0.4 0.5 0.6 0.7 0.8
log(L(7.7µm)/L(11.3µm))
 10
f(24)/f(15)
2 3 4 5
EQW < 0.27µm
0.27µm < EQW < 0.41µm
0.41µm < EQW < 0.54µm
EQW > 0.54µm
Fig. 8.— IR8 = LIR/L8µm (where L8µm is the broadband 8µm luminosity) as a function of left: PAH contribution to the IR luminosity
at 8µm, middle: the ratio of the 7.7µm and 11.3µm PAH features and right: the continuum flux ratio f(24µm)/f(15 µm) for 203 GOALS
galaxies. The main sequence followed by normal, star-forming galaxies (±1σ) is shown as dashed (solid) lines. A rough correlation for
sources with EQW6.2µm≥0.41µm (shown by the dashed-dotted line) is observed between the PAH contribution to the flux at 8µm and IR8
(left), although IR8 increases by nearly an order of magnitude while the PAH fraction decreases by only a factor of ∼1.4 (left panel). There is
no link between IR8 and the grain size distribution or ionization state (middle panel), while IR8 increases with increasing f(24µm)/f(15 µm)
at all equivalent widths.
modules and is detected in 8 LIRGs and 6 ULIRGs of
the GOALS sample. Four of these six ULIRGs (Arp220,
IRAS08572+3915, IRAS15250+3609, and IRAS20551-
4250) were included in the higher resolution Spoon et al.
(2006) study of 12 ULIRGs for which crystalline silicate
features at 23µm as well as at 11, 16, 19, and 28µm
were reported. In Figure 10, we plot the residual optical
depth spectra for the remaining 2 ULIRGs and 8 addi-
tional LIRGs for which we detect the 23µm crystalline
silicate feature. We consider the crystalline silicates at
23µm detected if the feature is &3σ in the residual op-
tical depth spectrum (i.e. the original source spectrum
with the CAFE fits to the amorphous cool and warm
dust components removed). In Figure 11, we show that
while ∼6% of the overall GOALS sample is detected in
crystalline silicates at 23µm, all of these detections have
s9.7µm < -1.24, and thus ∼70% of these more obscured
LIRGs and ULIRGs are detected in crystalline silicates
over a range in EQW6.2µm.
3.5.3. Ice Absorption at 6.0µm
Another form of opacity arises near 6.0µm in the form
of water ice absorption. The first extragalactic detections
of this absorption feature were in the LIRG NGC4418
(Spoon et al. 2001, also in the GOALS sample) and in
the ULIRG IRAS00183-7111 (Tran et al. 2001). The ap-
plication of CAFE allows for the untangling of even weak
to moderate ices from the nearby 6.2-µm PAH feature
and continuum, as well as for the strongest ice absorption
features. To produce an accurate fit, 37 GOALS galaxies
(15%) require the inclusion of an ice absorption compo-
nent at 6.0µm and the measured τice values are given in
Table 1. Thirteen of these sources are ULIRGs for a de-
tection rate of 56.5% among ULIRGs, similar to the rate
found for the ULIRGs in an ISO study of a sample of 103
IR galaxies (Spoon et al. 2002). The remaining 24 water
ice detections were found in LIRGs for a detection rate
of 10.7% among LIRGs which is comparable to that ob-
served for the lower luminosity starbursts (Brandl et al.
2006).
Galactic observations of water ice absorption features
are usually attributed to icy mantles of frozen water
molecules surrounding silicate dust grains (Whittet et al.
1996; Keane et al. 2001). Such a scenario would suggest
a tight relationship between τice and τ9.7µm. As shown
for the GOALS LIRGs (open circles) and ULIRGs (red
triangles) in the right panel of Figure 12, among those
galaxies that show ice absorption features, there is a gen-
eral trend for icier sources to also be dustier. However,
even the dustiest sources can still have no ice features.
Since the absorption feature at 6.0µm usually overlaps
with the 6.2-µm PAH emission feature, the equivalent
width of the PAH feature must be measured slightly dif-
ferently in icy sources. As described in Stierwalt et al.
(2013), for the GOALS sources, the ice absorption is as-
sumed to affect the underlying continuum but not the
PAH emission, and the EW6.2µm is calculated using the
absorption-corrected continuum following the method
described in Spoon et al. (2007). Therefore, a strong ice
feature can lower the apparent continuum and thus ar-
tificially raise the EQW6.2µm, in some cases by 10-20%.
The optical depth of the water ice absorption feature τice
is plotted as a function of 6.2µm PAH EQW in the left
panel of Figure 12. Of the 24 LIRGs (open circles) where
ices are present, only four have EQW6.2µm ≥0.54µm and
no starburst galaxies with EQW6.2µm >0.7µm show any
water ice absorption at all. There is a general trend
for the sources with the strongest ice absorption to have
the smallest EQW6.2µm. Despite composing a much
smaller fraction of the GOALS sample, LIRGs with low
EQW6.2µm <0.27µm (i.e. LIRGs likely dominated by
an AGN) make up 1/3 (8 out of 24) of the LIRGs with
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Fig. 9.— Low Resolution IRS Spectra with CAFE spectral decomposition results for 10 GOALS galaxies with the deepest 9.7-µm silicate
absorption. Together with IRAS08572+3915 (shown in Figure 1), these 11 sources make up the entirety of the GOALS sample with
s9.7µm < -1.75. The overall fitted model is shown in yellow and model components are color-coded as in Figure 1. The s9.7µm value is
given after each source name in brackets.
water ice detections. However, the majority of the iciest
sources are still ULIRGs (red triangles).
Together, both panels in Figure 12 suggest that a spe-
cial set of conditions are required for ices to survive. The
correlation between τ9.7µm and τice for icy sources sup-
ports the idea that ices form as mantles around silicate
dust grains. Silicates tend to build up in the nuclei of
merging LIRG and ULIRG systems as the merger pro-
gresses (Stierwalt et al. 2013) but so may the contribu-
tion from an AGN which can dominate the MIR emission
and heat the surrounding dust so that ices cannot form.
Thus a galaxy must have enough silicate dust to support
the existence of icy mantles, but the effects of its AGN
must also be weak enough to keep the surrounding dust
cool (70µm/24µm . 7) to allow for ices. These condi-
tions are not typically met in starbursting LIRGs that
are not heavily obscured. In ULIRGs, however, there is
typically a significant amount of molecular hydrogen gas
and dust that has been funneled into the galaxy core al-
lowing for self-shielding by the silicate grains from the
influence of any present AGN. Thus the detection rate of
ices is much higher among ULIRGs (as was observed for
ISO spectra by Spoon et al. 2002) and composite LIRGs
(0.27µm ≤ EQW6.2µm < 0.54µm).
We also note that in an analysis of the dust features
in the ULIRG IRAS08572+3915, Dartois et al. (2007)
present compelling evidence that part or all of the ab-
sorption in the 5.7-7µm range is not associated with wa-
ter ice absorption but instead originates in carbonaceous
materials associated with the absorption features seen at
6.85 and 7.25µm. This type of absorption may dominate
over that due to ices in sources like IRAS08572+3915 and
ESO374-IG032, discussed in Section 3.5.1, given their
warm SEDs.
3.6. Comparison of PAHs with UV Properties
While PAH emission can be used as an effective
proxy for ongoing star formation because it traces the
PDRs and is relatively immune to the effects of ex-
tinction, a more direct tracer of young/moderate age
12 Stierwalt et al.
Fig. 10.— Residual Optical Depth spectra from 18-28µm for the 8 LIRGs and 2 of the 6 ULIRGs for which a crystalline silicate feature
at 23µm is observed in the low resolution spectra in order of decreasing silicate strength, s9.7µm. (The remaining 4 ULIRGs for which the
feature is also detected, Arp220, IRAS08572+3915, IRAS15250+3609, and IRAS20551-4250, were included in the Spoon et al. (2006) high
resolution crystalline silicate study and so are not reproduced here.)
stars (A to OB type) is the detection of UV emission
from their photospheres. Empirical starburst redden-
ing relations have been observed for normal, lower lu-
minosity galaxies (Cortese et al. 2006), for starbursts
(LIR <10
11L⊙; Meurer et al. 1999), and for UV-
selected galaxies (Seibert et al. 2005). Charlot & Fall
(2000) suggest that the relation between IR excess
(IRX=log(FIR/FUV)) and UV slope (β) is a sequence of
effective optical depth for star forming late-type galaxies.
As a consequence, one can estimate the IR luminosity
of a source, albeit with considerable uncertainty, from
rest frame UV observations even when little is known
about the intrinsic dust attenuation, as is often the
case for dusty galaxies at high redshift (i.e. Reddy et al.
2012). As part of the larger GOALS legacy project,
135 LIRGs were observed by GALEX and compared to
Spitzer imaging to determine whether or not such dusty
galaxies also followed a similar starburst reddening rela-
tion. Howell et al. (2010) found that LIRGs cover a wide
range in IRX and β, with many sources falling between
normal star-forming galaxies and ULIRGs, which typi-
cally have very high IRX and lie off the normal starburst
IRX-β relation (Meurer et al. 1999). In these LIRGs,
the UV emission is likely ”decoupled” from the source of
most of the IR light. In addition, LIRGs can scatter to
high β at relatively low IRX, and in these sources the red
UV colors may indicate significant populations of older
stars that dominate the GALEX bands.
The IRX-β relation determined by Howell et al. (2010)
is re-plotted in Figure 13 but here we color code
the galaxies by L(PAH)/L(IR) (left panel) and by
s9.7µm (right panel). The average IRX for each colored
bin is marked by a horizontal line. On average, more ob-
scured LIRGs with PAH emission that contributes <10%
to the total LIR tend to have a higher IRX than LIRGs
with less silicate obscuration and more significant PAH
emission. However, the mean values are all consistent
within a standard deviation, and LIRGs at all silicate
depths and L(PAH)/L(IR) are observed to cover the full
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Fig. 11.— Equivalent width of the 6.2µm PAH versus silicate
strength for 239 GOALS U/LIRGs. Crystalline silicates are rare
among the entire GOALS sample but comprise a large fraction
(70%) of those sources that are heavily obscured.
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Fig. 12.— Water ice optical depth at 6.0µm as a function
of 6.2µm PAH EQW (left panel) and silicate optical depth at
9.7µm (right panel) for 227 GOALS LIRGs (open circles) and
ULIRGs (red triangles). LIRGs (ULIRGs) with no ice detection
are represented by black (red) arrows. Starburst galaxies with
EQW6.2µm >0.7µm do not show water ice absorption. Although
there is a general trend for icier sources to also be dustier, even the
dustiest sources can still have no ice features.
range in IRX.
In Figure 14, we examine directly whether the amount
of obscuring silicate dust or the presence of a weak AGN
contributes to the observed decoupling of the IR and UV
emission by comparing ∆IRX to s9.7µm and EQW6.2µm.
Most (22 of 29) LIRGs with EQW6.2µm <0.3µm, includ-
ing those that are highly obscured (s9.7µm <-1.75), have
positive ∆IRX. Howell et al. (2010) also saw a positive
∆IRX for the GOALS LIRGs observed to have IRAC
colors indicative of the presence of an AGN. However, as
also shown in Figure 14, there are starbursting LIRGs
(EQW6.2µm ≥0.54) with no signs of an AGN and com-
pletely unobscured LIRGs (s9.7µm > 0) that deviate just
as much from the IRX-β starburst relation as their lower
EQW, more obscured counterparts. Thus high IRX is
not exclusively associated with low EQW6.2µm.
4. DISCUSSION
4.1. Warm Molecular Hydrogen in LIRGs
The rotational lines of warm molecular hydrogen (H2)
have three main sources of excitation in luminous IR
galaxies: UV photons from young stars, AGN via UV,
soft, or hard X-ray photons, and shocks (see for exam-
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Fig. 13.— Infrared excess (IRX; log(FIR/FUV )) versus UV spec-
tral slope β color coded by L(PAH)/L(IR) (left panel; 57 GOALS
galaxies) and by silicate strength (right panel; 106 GOALS galax-
ies). Histogram insets show the range of IRX values represented
by each color and the average for each colored bin is marked by a
solid horizontal line. Sources with low L(PAH)/L(IR) and higher
silicate optical depths tend to have higher IRX on average but no
real correlation is observed. The black solid line marks the relation
followed by starbursts (Meurer et al. 1999).
ple Higdon et al. 2006; Ogle et al. 2010; Guillard et al.
2012). When far-UV photons emitted by massive stars
are absorbed by dust grains, the resulting de-excitation
produces PAH emission, while the subsequent release of
photoelectrons heats the surrounding gas leading to the
emission of H2 lines. Shocks arising from colliding molec-
ular clouds, molecular gas outflows, or supernova rem-
nants, as well as X-ray emission from an AGN, can heat
and ionize any surrounding H2, but do not excite the
PAH molecules found in PDRs. Thus linking warm H2
and PAH emission can help determine the mechanism
responsible for the H2 lines observed in the MIR.
Several of the lowest energy pure-rotational transitions
in the H2 molecule are observed in the MIR between
1-30µm. After eliminating the ten spectra for which
firm detections are not possible (5 with off-center SL slit
placements, 4 without complete low resolution IRS data,
and 1 which saturates the spectrograph, see Section 2.3),
97.5% of GOALS galaxies are detected in at least one of
14 Stierwalt et al.
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Fig. 14.— The effects of obscuring silicate dust (s9.7µm; left
panel) and the presence of a weak AGN (as represented by
EQW6.2µm; right panel) on the decoupling of IR and UV emission
(∆IRX) in 106 GOALS (U)LIRGs. ∆IRX represents the deviation
of each galaxy from the IRX-β relation derived for lower luminosity
starbursts (solid line in Figure 13).
the four lowest transitions (H2S(0) at 28.2µm, H2S(1)
at 17.0µm, H2S(2) at 12.3µm, and H2S(3) at 9.7µm).
The H2S(3) line which falls directly in the middle of the
9.7-µm silicate absorption feature has the highest de-
tection rate and is observed in ∼90% of our sources.
The H2S(0) line has the lowest detection rate (in part
due to the lower sensitivity of the LL1 module compared
to SL) and is observed in only 6% of the sample. Line
fluxes (and the associated uncertainties) derived from the
low resolution spectra for the seven lowest H2 transitions
(H2S(0) to H2S(7)) were given in Table 2. Upper limits
are set at 3σ of the residual after fits to the dust con-
tinuum and PAH emission features are subtracted. For
the determination of fluxes and upper limits for sources
without adequate fits from CAFE due to an overall lack
of spectral features in the MIR (Section 2.3), an unusu-
ally shallow spectral slope (Section 3.5.1), or crystalline
silicates (Section 3.5.2), the continuum is determined via
a spline fit to the spectrum covering 0.5A˚ on either side
of the line. These sources are all marked with an asterisk
in Table 2.
4.1.1. Linking PAHs & Warm H2
In low luminosity star-forming galaxies, the luminos-
ity ratio L(H2)/L(PAH) is roughly constant (albeit with
a fairly large scatter) over several orders of magnitude
in L(H2) (SINGS; Roussel et al. 2007) suggesting that
both the observed H2 and PAH emission mainly arise
from PDRs. AGN, however, show L(H2)/L(PAH) ratios
higher by factors of 15-16 (Roussel et al. 2007) suggest-
ing an enhancement in the H2 emission, a decrease in
PAH emission, or both compared to normal, star-forming
galaxies. In Figure 15, we plot the ratio of H2-to-PAH
emission as a function of H2 luminosity for the GOALS
sample. Since we are examining both extinction and ex-
citation effects, we do not correct either the H2 emission
lines or the PAH fluxes for extinction in Figure 15. To
represent L(H2) we use only the three lowest transitions
(H2(S0-S2)) as the H2S(3) line is most likely to be af-
fected by the silicate absorption at 9.7µm (although the
distribution observed in Figure 15 holds if the H2S(3)
emission is included). For the purposes of comparison to
lower luminosity galaxies, we also performed an iden-
tical spectral decomposition using CAFE on the low
resolution SINGS nuclear spectra (Smith et al. 2007b;
Roussel et al. 2007) (represented by black asterisks and
open diamonds). When quoting the L(H2)/L(PAH) ra-
tio, L(PAH) represents the luminosity of the 7.7-µm and
8.6-µm PAH complexes21.
A clear trend of increasing H2-to-PAH ratio with in-
creasing L(H2) is seen in Figure 15 for the GOALS sam-
ple as a whole (filled circles, open squares, and stars,
all color coded by EQW6.2µm as detailed in the leg-
end). While there are a number of starburst-dominated
GOALS sources with L(H2)/L(PAH) values consistent
with the nearly constant value found for lower lumi-
nosity star-forming SINGS galaxies (solid line), most of
the GOALS sample lies well above this value. Combin-
ing the data from both the SINGS and GOALS sam-
ples, a threshold is reached near L(H2)∼ 10
7L⊙ where
the L(H2)/L(PAH) ratio changes from a roughly con-
stant (low) value (open diamonds and the solid line) to
an increasing function of L(H2). The fact that the ris-
ing L(H2)/L(PAH) ratio is seen among the pure star-
burst LIRGs (i.e. those lacking enough hot dust in the
MIR to decrease the EQW6.2µm and thus indicate an
AGN) is evidence that it is not the presence of an AGN
that drives up the L(H2)/L(PAH) ratio among LIRGs.
In fact, of the 102 highest equivalent width sources
(EQW6.2µm>0.54µm; blue stars), only eight have any
indication of an AGN at all (based on a detection of
the [NeV] line; Petric et al. (2011)). As discussed in
more detail in Sections 4.1.2 & 4.1.3, turbulence and
shocks also present in star forming systems can result in
enhanced L(H2)/L(PAH) ratios (see also Cluver et al.
2010; Lesaffre et al. 2013).
Some process directly associated with the star forma-
tion must also result in enhanced L(H2)/L(PAH) ra-
tios in these LIRGs. The six GOALS sources with
no detectable MIR H2 emission in the low resolution
spectra also have very low PAH equivalent width (i.e.
EQW6.2µm< 0.05 µm) and are likely to harbor AGN.
4.1.2. Enhanced H2 Emitters
To more clearly separate those GOALS galaxies that
have high L(H2)/L(PAH) luminosity ratios due to ex-
21 As a result of using L(PAH) = L[7.7µm] + L[8.6µm] when
computing the L(H2)/L(PAH) ratio, the L(PAH) used in this sec-
tion is not the same L(PAH) given in Section 3.4 in Figure 6.
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ratios that fall above the solid (and dashed) lines showing the mean value (± 1σ) for the SINGS HII nuclei. A few sources with notably
high L(H2)/L(PAH) are marked and discussed in Section 4.1.2 (i.e. 1=NGC1961; 2=IRASF16399-0937; 3=NGC3690 E; 4=NGC6240;
5=IRAS01364-1042; 6=ESO507-G070).
cess H2 emission rather than weak PAHs, we plot the
L(H2)/L(PAH) ratio versus L(H2)/L(IR) in Figure 16.
Most of the LIRGs with the highest L(H2)/L(PAH) ra-
tios have EQW6.2µm<0.54µm. In those LIRGs with
high L(H2)/L(PAH) but below average H2 emission (i.e.
log(L(H2)/L(IR)) < −3.5, the median for the GOALS
sample; upper left in Figure 16), supressed PAH emis-
sion likely drives up the L(H2)/L(PAH) ratios. In ∼10%
of GOALS LIRGs, however, log(L(H2)/L(PAH)) > -
1.5 and log(L(H2)/L(IR)) > −3.5, thus affirming their
L(H2)/L(PAH) luminosity ratios are high due to excess
H2 emission and not simply caused by weak PAH emis-
sion. Such enhanced H2 emission likely requires the pres-
ence of X-rays or shocks produced by either an intense
starburst or by AGN outflows. The MIR spectra for a
sampling of these enhanced H2 emitters are shown in
Figure 17.
Also shown in Figure 16 is an approximate translation
of the upper limit set by PDR models in which both the
warm H2 and PAHs are directly heated by young stars
(dashed purple line). We adopt the limiting PDR ratio
presented in Guillard et al. (2012) as derived from the
Meudon models (assuming nH =10
4cm−3 and GUV =
10; Le Petit et al. 2006). Since Guillard et al. (2012) use
different H2 emission line and PAH features to represent
the L(H2)/L(PAH) ratio, we adjust their reported value
for this upper limit by a multiplicative factor of 0.6, the
average ratio between L(H2)/L(PAH) for GOALS galax-
ies calculated using the H2S(0-3) and 7.7µm PAH fea-
tures (as in Guillard et al. 2012) and using the H2S(0-2)
and both the 7.7 and 8µm PAH features (as presented
in this work). Thus, while the GOALS LIRGs have high
L(H2)/L(PAH) ratios compared to lower luminosity star-
forming galaxies (as seen in Figure 15), the majority still
lie below the maximum value set by PDR models, and so
their higher L(H2)/L(PAH) ratios may still be associated
with PDRs.
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Fig. 16.— Luminosity ratio L(H2)/L(PAH) vs L(H2)/L(IR) for
194 GOALS galaxies color-coded by EQW6.2µm. The dashed pur-
ple line indicates the upper limit on the L(H2)/L(PAH) ratio that
is consistent with PDR emission as derived from the Meudon PDR
models (assuming nH =10
4cm−3 and GUV = 10; Le Petit et al.
2006) and presented in Guillard et al. (2012). The six galaxies
with notably high H2 emission labeled in Figure 15 are marked by
the same numbers here (i.e. 1=NGC1961; 2=IRASF16399-0937;
3=NGC3690 E; 4=NGC6240; 5=IRAS01364-1042; 6=ESO507-
G070).
X-rays produced by AGN can also heat the surround-
ing H2, and a subset of the GOALS sample has been
observed in X-ray emission (Iwasawa et al. 2011). For
LIRGs with enhanced H2 emission (upper right in Fig-
ure 16), the average X-ray hardness ratio (i.e. X-ray
16 Stierwalt et al.
color as defined by HR = (Hard – Soft)/(Hard + Soft))
and the average ratio of soft X-ray-to-IR luminosity are
within 1σ of the same values averaged for sources con-
sistent with the limiting ratio set by PDR models (i.e.
log( L(H2)/L(PAH)) < −1.8). Thus X-ray heating is
unlikely to be the only excitation mechanism producing
the excess H2 seen in Figures 15, 16, & 17.
High velocity molecular outflows have recently been
seen in some AGN-dominated ULIRGs like Mrk
231 with Herschel (Fischer et al. 2010; Feruglio et al.
2010; Sturm et al. 2011; Spoon et al. 2013), and nu-
clear outflows on sub-kpc scales have been observed
via the line profiles of cold molecular gas in the
nearby ULIRG system Arp220 (Sakamoto et al. 2009;
Gonza´lez-Alfonso et al. 2012) and in stacked local
ULIRG spectra (Chung et al. 2011). These detec-
tions are consistent with the production of shocks in
the process of feedback on the interstellar medium.
Based on a link between warm H2 and [FeII] emission,
Hill & Zakamska (2013) cite shocks as the cause of the
enhanced warm H2 emission in ULIRGs. Of the 16
GOALS LIRGs observed with the largest excess of warm
H2 emission (log(L(H2)/L(PAH)) > -1.3), none have ob-
served velocity offsets (δv>200 km/s) as observed for the
H2S(0-3) emission lines in the high resolution IRS spec-
tra. However, eight show at least one of the H2 lines
to be spectroscopically resolved (FWHM > 600 km/s)
and four have at least one nearly resolved H2 emission
line (525 km/s < FWHM < 600 km/s). So although
there is no clear evidence for bulk motion from an out-
flow, shocks may still be stirring up the molecular gas
in these systems and causing the excess H2 emission.
The remaining four galaxies with high L(H2)/L(PAH)
are likely AGN-dominated (EQW6.2µm < 0.27µm) and
thus are stronger candidates for X-ray excited H2. How-
ever, the [NeV] emission line, usually an indicator of a
strong AGN, is only detected in one of these four LIRGs,
NGC6240 (Petric et al. 2011).
Although the LINER galaxy NGC1961 does not have
an exceptionally high L(H2), it stands out in Figure 15
as having the largest L(H2)/L(PAH) ratio in our sam-
ple. The H2 luminosity for NGC1961 is lower than
that for NGC6240 (a well-studied bright H2 emitter,
see Armus et al. 2006), but the L(H2)/L(PAH) ratio
is nearly 3 times brighter in NGC1961 and is actually
similar to those observed for the extreme H2 emitters
called MOHEGs (molecular hydrogen emitting galaxies;
Ogle et al. 2010). Just as shocks are cited as the cause of
the elevated warm H2 emission in MOHEGs, shocks or a
possible outflow likely play a significant role in elevating
the L(H2)/L(PAH) ratio in NGC1961.
Optical integral field (IFU) observations of U/LIRGs
lend further support for shocks as a mechanism driving
elevated H2 emission. IFU observations have revealed
extended LINER-like emission in the absence of AGN ac-
tivity (Monreal-Ibero et al. 2006, 2010; Rich et al. 2011).
This emission is correlated with an increase in velocity
dispersion and in some instances with observed outflows,
both of which indicate shocked gas is driving the ex-
tended LINER emission in U/LIRGs. Further, although
shock emission cannot account for a substantial portion
of the energy budget in merging U/LIRGs, shocks can
strongly affect observed line emission; in the optical they
may account for up to half of the observed line emission
in some later stage mergers (Rich et al. 2014).
4.1.3. Warm H2 Emission Outside of PDRs
In a study of local ULIRGs, Zakamska (2010) suggest
that a significant fraction of the warm H2 emission is
produced outside of PDRs, because the L(H2)/L(PAH)
ratio increases with silicate optical depth. The relation
between the dust obscuration and the L(H2)/L(PAH) ra-
tio for the GOALS sample is examined directly in the
left panel of Figure 18. At low levels of dust obscura-
tion (s9.7µm >-0.5) where almost all of the starburst-
dominated LIRGs (EQW6.2µm ≥0.54) are found, there
is no correlation between the L(H2)/L(PAH) ratio and
silicate depth. As the level of obscuration increases, the
distribution of sources begins to shift to higher luminos-
ity ratios until reaching the most highly obscured sources
(s9.7µm <-1.75) which, given a reliable 7.7-µm PAH de-
tection, are all found in our sample of extreme H2 emit-
ters (marked by X’s).
The substantial scatter in the left panel of Figure 18
does not reveal the correlation among the GOALS LIRGs
that was observed for ULIRGs (Zakamska 2010). How-
ever, there is a noticeable dearth of obscured sources
with low L(H2)/L(PAH), possibly due to a combination
of the selective extinction and excitation. The GOALS
ULIRGs (marked by open circles) also exhibit more of a
correlation for increasing L(H2)/L(PAH) with increasing
silicate strength than is observed for the GOALS sample
as a whole. Thus, the processes at work to excite warm
H2 emission outside of PDRs (i.e. shocks via starburst
or AGN driven outflows or X-ray heating via an AGN)
may be more common in ULIRG environments.
Also shown in the right panel of Figure 18 is a trend of
increasing L(H2)/L(PAH) with decreasing PAH equiv-
alent width (right panel). The relation has a larger
dispersion at low EQW6.2µm where there are fewer
GOALS sources. The luminosity ratio is best described
as decreasing with increasing EQW for EQW6.2µm ≥
0.41µm (e.g. log(L(H2)/L(PAH)) = −1(±0.1) −
1.4(±0.2)×EQW6.2µm for blue stars and green squares).
The lower equivalent width sources (EQW6.2µm <
0.41µm; orange squares and red circles) are roughly con-
sistent with this trend but with an increased scatter. The
mean ratios for the lowest (red circles) and the highest
(blue stars) equivalent width bins are offset by a factor
of 3 (red and blue dashed lines).
While the underlying physics behind the increasing lu-
minosity ratio observed in Figure 15 is not entirely clear,
taken together, Figures 15, 16, & 18 suggest it may reflect
a few different physical processes. Some of the most heav-
ily obscured LIRGs have elevated L(H2)/L(PAH) ratios
compared to the majority of the star-forming LIRGs (left
panel of Figure 18), but not all. On average, lower equiv-
alent width sources have higher L(H2)/L(PAH) ratios
(right panel of Figure 18) suggesting PAH emission may
simply be lower in the sources with high L(H2)/L(PAH)
or the hot dust may be rising while the PAH emission
remains steady. However, the extreme emitters cover a
range of equivalent widths, and we find no correlation be-
tween L(H2)/L(PAH) and the compactness of the source
(as traced by IR8 =LIR/L8µm). Thus, none of these
processes (i.e. preferential extinction of PAHs over H2,
decreased PAH emission, or a rising hot dust continuum)
are individually driving the enhanced ratio for all or even
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Fig. 17.— Low Resolution IRS Spectra with CAFE spectral decomposition results for GOALS sources with excess H2 emission. All
6 galaxies have high L(H2)/L(PAH)) luminosity ratios (log(L(H2)/L(PAH)) > -1.3) and above average L(H2)/L(IR) (log(L(H2)/L(IR))
> −3.5). The overall fitted model is shown in yellow and model components are color-coded as in Figure 1. The four lowest transitions
(H2S(0) at 28.2µm, H2S(1) at 17.0µm, H2S(2) at 12.3µm, and H2S(3) at 9.7µm) are marked with vertical dashed lines. The locations of
each galaxy are labeled in Figures 15 and 16 above.
the majority of LIRGs.
Finally, Figure 19 shows that while enhanced
L(H2)/L(PAH) emission compared to low-luminosity SF
galaxies (Roussel et al. 2007) is found in LIRGs of all
merger stages, there is a trend of rising L(H2)/L(PAH)
on average (red squares) for late-stage mergers. Sources
with excess H2 emission from the GOALS sample (blue
squares; discussed in Section 4.1.2) are only found
in mid- to late- merger stages. Later merger stages
have also been linked to higher L(IR), higher dust
temperatures, and increased starburst strength (i.e.
Stierwalt et al. 2013; Inami et al. 2013), and thus the
higher L(H2)/L(PAH) may be associated with more pow-
erful starbursts.
4.2. PAHs and MIR-Weak AGN
Previous PAH studies have claimed that galaxies host-
ing an AGN separate themselves on PAH feature ratio
plots, favoring lower L(7.7µm Complex)/L(11.3µmCom-
plex) ratios (Wu et al. 2010; O’Dowd et al. 2009). These
studies credit the preferential destruction of smaller
PAHs by the AGN for the lowered ratio, but have only a
small number of data points (i.e. sources with an AGN
that is weak enough that PAH emission is still detected).
For a sample of LIRGs at slightly higher redshifts (0.02
< z < 0.6), Shipley et al. (2013) find that LIRGs with an
AGN do not favor lower L(7.7µm Complex)/L(11.3µm
Complex) ratios and blame aperture effects for damping
out this effect. However, Shipley et al. (2013) still find
that half of their AGN sources dominate the extreme low
end of the PAH ratio, and their low-EQW sources are not
scattered with the same increased dispersion observed by
the AGN-dominated sources in GOALS (see Figures 2, 4,
& 5). The clearest evidence that galaxies containing an
AGN skew toward lower L(7.7µm Complex)/L(11.3µm
Complex) ratios is observed for the normal, star-forming
galaxies of the SINGS sample (Smith et al. 2007b). Be-
cause the sources with the lowest PAH feature ratios
(i.e. L(7.7µm Complex)/L(11.3µm Complex) < 2) were
those that showed spectral signatures indicative of an
AGN, Smith et al. (2007b) concluded this large spread
was likely due to the preferential destruction of smaller
dust grains caused by the presence of an AGN.
Within the GOALS sample, AGN contribute <15%
of the luminosity in the infrared (Petric et al. 2011)
and in order to assess their influence on the PAHs,
we consider here only those sources with a relatively
“weak” AGN not strong enough to have overwhelmed
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Fig. 19.— Luminosity ratio L(H2)/L(PAH) for 104 GOALS
galaxies traced through merger stage. Mergers (Stages 1-6) are rep-
resented by the 58 GOALS galaxies for which high resolution HST
imaging is available (see Haan et al. 2011) and for which reliable
PAH and H2 measurements were determined. The 46 nonmergers
(Stage N) are classified using IRAC 3.6µm images and the litera-
ture (see Stierwalt et al. 2013, for details.). Mean values for each
merger stage clipped at 3σ are shown in red with their associated
standard deviations. The extreme H2 emitters (blue squares) are
all mid- to late-stage mergers.
all of the PAH emission (i.e. those sources with 0 <
EQW6.2µm < 0.27µm). Despite covering the same range
as the SINGS sample in L(11.3µm Complex)/L(17µm
Complex), L(6.2µm)/L(7.7µm Complex), and L([NeIII]
15.6µm)/L([NeII] 12.8µm), the GOALS LIRGs and
ULIRGs do not produce a similarly large range in
L(7.7µm Complex)/L(11.3µm Complex) (see Figure 5),
nor do LIRGs with signatures of a weak AGN favor
low L(7.7µm Complex)/L(11.3µm Complex) ratios. In
the remainder of this section, we explore four potential
causes for this differing behavior between the SINGs and
GOALS galaxies: 1) the differing median distance for
the two samples, 2) larger errors associated, almost by
definition, with the PAH fluxes for lower-EQW GOALS
sources, 3) different dust characteristics in LIRGs ver-
sus normal, lower luminosity star-forming galaxies, or 4)
differing AGN behavior between the two samples.
The staring mode observations presented here are all
aimed at representing the nuclear region of each GOALS
galaxy. However, depending on the size and distance of
each galaxy, the portion of the galaxy contained within
the IRS slit changes. The nuclear spectra for the SINGS
sample were derived from mapping mode observations
and thus the sizes of the extraction apertures were tai-
lored for each galaxy based on distance to only focus on
the nucleus (Smith et al. 2007b). The median distance of
the SINGS galaxy sample is also only 10 Mpc (Dale et al.
2007), compared to the GOALS median distance of 100
Mpc. With a fixed IRS slit size and larger median dis-
tance, the nuclear GOALS spectra will in some cases be
contaminated by emission outside the nucleus. If the
distribution of the 7.7-µm PAH were more extended be-
yond the nucleus than the 11.3-µm PAH, the lack of
GOALS sources with low L(7.7µm Complex)/L(11.3µm
Complex) could be explained by extra-nuclear emission
falling within the slit. However, the opposite was shown
to be true for the GOALS LIRGs: the 11.3-µm PAH
appears more extended than the other PAH features
(Dı´az-Santos et al. 2011). There are also several GOALS
LIRGs that likely have a contribution from a weak AGN
(0 < EQW6.2µm < 0.27µm) but do not have a low
L(7.7µm Complex)/L(11.3µm Complex) PAH ratio de-
spite being nearby (D < 60 Mpc). Thus distance cannot
entirely explain the differences in the PAH feature ratio
observed between the GOALS and SINGS samples.
As shown in Figures 2, 4, & 5, LIRGs with low PAH
equivalent widths are not offset in their PAH feature ra-
tios but instead show a larger dispersion in PAH values
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than their starbursting counterparts. Low EQW6.2µm
indicates either low PAH emission overall or high con-
tinuum, and lower detected PAH fluxes may decrease
the signal-to-noise ratio for PAH detections in low-EQW
LIRGs. While the sources with weak PAH emission have
larger uncertainties in their PAH ratios, a Kolmogorov-
Smirnov (K-S) test confirms the low and high EQW
LIRGs are distinctly different populations at a confi-
dence level of >96%. Even if the errors on the PAH
feature ratios are doubled and every low-EQW LIRG is
forced inward by this amount toward the center of the
distribution for the high-EQW LIRGs, the K-S test still
confirms the two distributions as distinct at a 90% con-
fidence level. Even if higher uncertainties do contribute
in a small way to the higher dispersion among low-EQW
LIRGs, it is highly unlikely that errors might be so large
that any GOALS galaxies would actually have L(7.7µm
Complex)/L(11.3µm Complex) < 2 to match the ratios
observed for the SINGS AGN.
Since PAH feature ratios ultimately tell us about
the dust and ISM properties in galaxies (see theo-
retical tracks in Figure 2), the differing ratios be-
tween SINGS and GOALS may represent physical differ-
ences in the dust grains in normal, star-forming galax-
ies versus LIRGs and ULIRGs. The rougly constant
L(7.7µm Complex)/L(11.3µm Complex) ratio observed
for GOALS could be caused by competing effects: the
presence of an AGN may destroy smaller PAH molecules
causing a decrease in the 7.7-µmPAH emission, while the
AGN also ionizes those PAHs, causing the relative emis-
sion from the neutral 11.3-µm PAH to decrease. These
two effects may be equally important in the GOALS
LIRGs, having the net outcome a constant PAH ratio,
while the destruction of small PAH grains may dominate
in the lower luminosity SINGS galaxies.
However, if competing processes are at work to pro-
duce Figure 5, we would expect the effects of the de-
struction of the smaller PAHs to be more pronounced
in the L(6.2µm)/L(7.7µm Complex) ratio in Figure 2 or
in the L(11.3µm Complex)/L(17µm Complex) ratio in
Figure 4 which are not expected to depend on the ion-
ization state of the grains. Thus the differing L(7.7µm
Complex)/L(11.3µm Complex) ratios may instead be
due to the relative power of the AGNs themselves and/or
their viewing geometry.
Significant 7.7µm PAH destruction like that found
for SINGS is not observed for the GOALS LIRGs
and ULIRGs. However, as shown in Figure 20, the
sources that come closest to showing such an effect
(i.e. those with the lowest L(7.7µm Complex)/L(11.3µm
Complex) ratio), are also observed to have high
L(H2)/L(PAH). Thus, the mechanism responsible for el-
evating the L(H2)/L(PAH) ratio may also be destroying
the 7.7µm PAHs (although less effectively than the small
grain destruction via AGN observed for SINGS galax-
ies). All of the sources with high L(H2)/L(PAH) do not
also have low L(7.7µm Complex)/L(11.3µm Complex)
ratios, but that is as expected. As discussed in Section
4.1, there are likely a variety of causes for the elevated
L(H2)/L(PAH) ratios, and some may be more effective
at also destroying 7.7µm PAHs than others. One source
with both exceptionally high L(H2)/L(PAH) and low
L(7.7µm Complex)/L(11.3µm Complex) is NGC1961
(labeled in Figure 20) which, as discussed in Section
4.1.2, is a strong candidate for shocks playing a signifi-
cant role in the resulting emission in the MIR.
5. CONCLUSIONS
We presented the detailed multi-component spectral
decomposition of the low resolution IRS spectra for 244
galaxy nuclei in the GOALS sample of 180 LIRGs and
22 ULIRGs. The GOALS galaxies cover a range of spec-
tral types, silicate strengths, and merger stages, and rep-
resent a complete subset of the IRAS Revised Bright
Galaxy Sample. We have investigated the MIR prop-
erties derived from the spectral fits and concluded the
following:
1) Despite the wide range of MIR spectral properties
observed for the GOALS U/LIRGs, as long as some
PAH emission is detected, little variation is seen in
the PAH feature ratios after correcting for extinction.
The ranges of the L(6.2µm)/L(7.7µm Complex) and
L(11.3µm Complex)/L(17µm Complex) PAH luminos-
ity ratios for the GOALS LIRGs are similar to those ob-
served for the nearby, normal star-forming galaxies from
SINGS (Smith et al. 2007b), the 24-µm-selected galax-
ies of 5MUSES (Wu et al. 2010), the UV-selected nearby
galaxies in SSGSS (O’Dowd et al. 2009), and the higher
redshift LIRGs of Shipley et al. (2013). One exception is
the L(7.7µm)/L(11.3µm) ratio which reaches much lower
values for the SINGS galaxies than for any other sample.
2) The contribution from PAH emission to the total
IR luminosity (L(PAH)/L(IR)) in LIRGs varies from 0-
23%. LIRG systems containing pairs of galaxies that
appear to be prior to their first encounter show higher
median L(PAH)/L(IR) ratios than those observed for
other LIRGs. Local LIRGs have a constant (high) av-
erage EQW6.2µm over nearly two orders of magnitude
in νLν similar to high redshift SMGs and star forming
galaxies at higher νLν but unlike local ULIRGs which
show a trend for decreasing EQW6.2µm with increasing
24-µm luminosity. This is consistent with the larger sizes
and gas fractions observed for SMGs compared to lo-
cal ULIRGs (i.e. Daddi et al. 2010b; Genzel et al. 2010;
Elbaz et al. 2011).
3) No change in the grain size or ionization distribution
is observed with IR8, and so the destruction of smaller
dust grains is not the cause of the higher IR8 observed
in more compact starburst systems. Instead, since the
overall flux contribution from the PAHs is decreasing for
the higher EQW6.2µm sources, there instead is likely less
PDR emission relative to the emission in the IR.
4) Absorption features similar to those attributed to
crystalline silicates (Spoon et al. 2006) are observed at
23µm only once deep levels of silicate absorption are
reached (s9.7µm <1.24) in∼6% of the GOALS (U)LIRGs.
Absorption due to water ices at 6.0µm is observed in
13 ULIRGs and 24 LIRGs for detection rates of 56.5%
among ULIRGs and 10.7% among LIRGs.
5) Although (U)LIRGs with low L(PAH)/L(IR) or deep
silicate absorption show higher IRX on average, the
spread in these MIR parameters is too large to indicate
any correlation with ∆IRX. No other MIR properties
were found to correlate with the decoupling of the IR
and UV fields, ∆IRX, including EQW6.2µm and s9.7µm.
6) While there are a number of starburst-dominated
GOALS LIRGs with L(H2)/L(PAH) values consistent
with the nearly constant (low) ratio found for lower lumi-
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Fig. 20.— The L(7.7µm Complex)/L(11.3µm Complex) PAH ratio versus the L(H2)/L(PAH) ratio for 203 GOALS galaxies color coded
by EQW6.2µm. Those LIRGs with the lowest PAH band ratios are all observed to have high L(H2)/L(PAH) ratios suggesting that the
mechanism responsible for elevating their H2 emission may also be linked to the destruction of the 7.7µm PAHs.
nosity star-forming galaxies (Roussel et al. 2007), most
of the GOALS galaxies lie well above this value in an
increasing function of L(H2). The fact that the ris-
ing L(H2)/L(PAH) ratio is seen among the pure star-
burst LIRGs is evidence that it is not the presence of
an AGN that drives up the L(H2)/L(PAH) ratio among
LIRGs. Turbulence and shocks also present in star
forming systems likely result in the observed enhanced
L(H2)/L(PAH) ratios.
7) A subset of GOALS (U)LIRGs covering a range
of EQW6.2µm show enhanced H2 emission in excess
over that suggested by PDR models which only al-
low for young stars to excite the H2. These galax-
ies can be identified by their high L(H2)/L(PAH) ratio
(log(L(H2)/L(PAH)) > -1.5). One quarter of these galax-
ies are dominated by AGN (i.e. EQW6.2µm <0.27µm)
and thus are strong candidates for X-ray heating of the
warm H2. However, half of the extreme H2 emitters show
resolved H2 lines in the high resolution IRS spectra which
indicate that the shocks may be stirring up the molecu-
lar gas, even in the absence of evidence for larger scale
coherent outflows.
8) A correlation between increasing silicate strength and
L(H2)/L(PAH), like that observed for the Zakamska
(2010) sample of ULIRGs, is not observed for the GOALS
LIRGs indicating that warm H2 emitted outside of PDRs
does not dominate their MIR H2 emission. The GOALS
ULIRGs are closer to exhibiting such a trend, suggest-
ing that processes at work to excite warm H2 emission
outside of PDRs may be more common in ULIRG envi-
ronments.
9) While high-EQW LIRGs are very consistent in their
MIR properties, low-EQW LIRGs usually cover the full
spread of any given MIR parameter. Starbursting LIRGs
(EQW6.2µm ≥ 0.54µm) which make up the majority
of the GOALS sample all have very similar values for
s9.7µm and Fν [30µm]/Fν[15µm] (Stierwalt et al. 2013),
for neon ratios, τice, and all 3 PAH feature ratios pre-
sented here. The large range of values observed for such a
variety of galaxy characteristics may suggest that before
the emission from an AGN grows enough to dominate in
the MIR, a weak AGN leads to varied dust conditions.
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TABLE 1
Fitted Mid-IR Spectral Parameters for the GOALS Sample
Source Name∗,∗∗ EQW6.2(σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm PAH(σ) 17µm PAH(σ) L(PAH)(σ) τice(σ) τ9.7µm(σ) η(σ)
[µm]i [109L⊙]
NGC0023 0.58 (0.01) 6.118 (0.136) 24.779 (0.790) 7.883 (0.080) 4.473 (0.206) 8.52 (0.56) 0.00 0.81 (0.01) 0.10 (0.05)
NGC0034 0.45 (0.02) 9.214 (0.177) 38.081 (1.162) 10.234 (0.303) 5.996 (0.436) 21.30 (1.37) 0.04 (0.01) 2.39 (0.01) -0.07 (0.05)
Arp256 0.72 (0.01) 4.407 (0.104) 14.505 (0.404) 4.099 (0.070) 3.027 (0.250) 17.09 (0.90) 0.00 1.20 (0.02) —
ESO350-IG038 0.15 (0.00) 1.448 (0.071) 6.189 (0.495) 1.703 (0.310) < 0.534 (0.346) < 3.82 (0.53) 0.00 1.26 (0.01) 0.39 (0.03)
NGC0232 W 0.55 (0.01) 5.674 (0.118) 22.873 (0.468) 6.701 (0.368) 4.652 (0.167) 16.92 (0.84) 0.00 1.63 (0.01) -0.01 (0.05)
NGC0232 E 0.16 (0.00) 0.966 (0.044) 3.337 (0.143) 1.606 (0.064) 0.785 (0.104) 2.79 (0.32) 0.00 1.19 (0.02) -0.02 (0.05)
MCG+12-02-001 0.65 (0.01) 8.798 (0.193) 31.546 (0.799) 7.416 (0.507) 5.774 (0.447) 11.37 (0.84) 0.00 1.11 (0.01) 0.10 (0.04)
NGC0317B 0.57 (0.01) 4.504 (0.097) 18.286 (0.421) 4.660 (0.064) 3.501 (0.126) 8.82 (0.50) 0.00 2.28 (0.02) —
IC1623B 0.30 (0.00) 11.609 (0.245) 50.175 (2.207) 11.636 (0.339) 7.911 (0.336) 27.97 (2.08) 0.00 2.80 (0.01) 0.07 (0.05)
MCG-03-04-014 0.67 (0.01) 5.126 (0.109) 19.763 (1.519) 5.792 (0.313) 3.420 (0.164) 34.25 (4.08) 0.00 1.03 (0.01) 0.03 (0.05)
ESO244-G012 0.66 (0.01) 6.809 (0.146) 24.401 (0.602) 6.747 (0.446) 5.124 (0.260) 16.95 (1.03) 0.00 1.36 (0.02) —
CGCG436-030 0.35 (0.01) 3.878 (0.091) 16.695 (0.703) 4.241 (0.145) 3.108 (0.128) 24.97 (2.15) 0.00 3.00 (0.02) -0.01 (0.05)
ESO353-G020 0.54 (0.01) 6.429 (0.128) 25.512 (1.126) 7.499 (0.347) 4.757 (0.145) 9.56 (0.88) 0.00 2.35 (0.02) 0.01 (0.05)
RR032 N 0.52 (0.01) 2.852 (0.078) 11.325 (0.451) 3.426 (0.045) 2.068 (0.125) 5.05 (0.35) 0.00 0.91 (0.02) 0.05 (0.05)
RR032 S 0.70 (0.01) 3.228 (0.078) 11.875 (0.511) 3.300 (0.291) 2.396 (0.115) 5.29 (0.45) 0.00 1.46 (0.02) -0.01 (0.05)
IRASF01364-1042 0.39 (0.01) 1.110 (0.024) 4.000 (0.203) 1.102 (0.019) 0.931 (0.028) 15.11 (1.56) 0.00 5.14 (0.05) -0.03 (0.05)
IIIZw035 — — — — — — — — -0.02 (0.05)
NGC0695 0.65 (0.01) 4.393 (0.102) 18.424 (0.417) 5.816 (0.057) 2.799 (0.138) 30.71 (1.07) 0.00 0.57 (0.01) 0.11 (0.04)
UGC01385 0.64 (0.01) 3.054 (0.082) 11.325 (0.411) 3.167 (0.045) 2.595 (0.187) 6.11 (0.55) 0.00 0.80 (0.02) -0.01 (0.05)
NGC0838 W 0.45 (0.01) 2.921 (0.086) 12.468 (0.392) 5.200 (0.057) 2.150 (0.114) 3.40 (0.20) 0.00 0.71 (0.02) 0.17 (0.04)
NGC0838 E 0.74 (0.01) 11.794 (0.251) 45.419 (1.044) 12.376 (0.236) 7.237 (0.312) 10.60 (0.44) 0.00 0.92 (0.01) 0.05 (0.05)
NGC0838 S 0.50 (0.01) 8.635 (0.173) 31.760 (0.687) 8.007 (0.240) 5.661 (0.208) 7.54 (0.33) 0.00 2.41 (0.01) 0.01 (0.05)
NGC0828 0.61 (0.01) 7.946 (0.174) 35.626 (1.124) 11.099 (0.182) 5.310 (0.190) 17.07 (0.98) 0.00 1.29 (0.01) 0.14 (0.04)
IC0214 0.64 (0.01) 2.324 (0.053) 9.078 (1.502) 2.960 (0.062) 1.369 (0.081) 13.00 (3.67) 0.00 0.97 (0.01) 0.12 (0.04)
NGC0877 S 0.46 (0.01) 1.486 (0.030) 5.990 (1.371) 1.719 (0.151) < 1.54 (0.74) 0.00 3.26 (0.02) 0.02 (0.05)
NGC0877 N 0.35 (0.03) 1.026 (0.028) 3.999 (0.189) 1.721 (0.031) 0.910 (0.050) 1.14 (0.07) 0.00 0.68 (0.02) 0.74 (0.01)
MCG+05-06-036 S 0.54 (0.01) 1.295 (0.034) 4.921 (0.165) 1.602 (0.028) 0.788 (0.052) 9.09 (0.52) 0.00 0.86 (0.02) 0.06 (0.05)
MCG+05-06-036 N 0.48 (0.01) 2.598 (0.059) 10.089 (0.267) 3.250 (0.038) 2.061 (0.123) 18.64 (0.96) 0.01 (0.01) 1.25 (0.02) 0.01 (0.05)
UGC01845 0.58 (0.01) 8.730 (0.176) 36.477 (0.709) 10.173 (0.180) 6.167 (0.204) 12.72 (0.48) 0.00 1.94 (0.01) 0.02 (0.05)
NGC0958 0.29 (0.01) 0.705 (0.022) 2.774 (0.188) 1.345 (0.022) 0.733 (0.041) 1.88 (0.18) 0.00 0.92 (0.02) 0.64 (0.02)
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Source Name∗,∗∗ EQW6.2(σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm PAH(σ) 17µm PAH(σ) L(PAH)(σ) τice(σ) τ9.7µm(σ) η(σ)
[µm]i [109L⊙]
NGC0992 0.72 (0.01) 5.728 (0.130) 22.742 (0.808) 7.490 (0.172) 3.695 (0.169) 6.61 (0.48) 0.00 0.87 (0.02) 0.18 (0.04)
UGC02238 0.63 (0.01) 6.922 (0.140) 29.345 (0.699) 8.820 (0.163) 4.665 (0.164) 20.55 (0.85) 0.00 2.06 (0.02) 0.11 (0.04)
IRASF02437+2122 0.16 (0.01)i 1.297 (0.045) 4.999 (0.276) 1.647 (0.061) 0.821 (0.074) 4.45 (0.47) 0.34 (0.03) 3.21 (0.02) -1.64 (0.13)
UGC02369 0.57 (0.01) 2.909 (0.071) 9.712 (0.377) 2.338 (0.044) 2.166 (0.207) 15.35 (1.10) 0.00 0.89 (0.01) 0.03 (0.05)
UGC02608 N 0.20 (0.00) 2.736 (0.086) 13.970 (0.386) 3.663 (0.098) 3.757 (0.248) 11.29 (0.92) 0.00 1.45 (0.02) 0.01 (0.05)
UGC02608 S 0.25 (0.14) — — — — — — — 0.24 (0.04)
NGC1275∗ 0.02 (0.00) 0.04 (0.05)
IRASF03217+4022 0.55 (0.01) 2.987 (0.081) 12.062 (0.276) 3.568 (0.233) 2.270 (0.111) 10.23 (0.56) 0.00 1.62 (0.02) 0.03 (0.05)
NGC1365 0.13 (0.00) 8.216 (0.374) 29.345 (3.757) 11.252 (0.646) 5.274 (0.922) 1.46 (0.39) 0.00 0.70 (0.01) 0.34 (0.03)
IRASF03359+1523 — — — — — — — — -0.03 (0.05)
CGCG465-012 N 0.67 (0.02) 1.400 (0.052) 5.721 (0.259) 1.912 (0.035) 0.926 (0.041) 4.35 (0.31) 0.00 0.50 (0.02) 0.23 (0.04)
CGCG465-012 S 0.60 (0.01) 3.558 (0.077) 13.919 (0.516) 4.139 (0.075) 2.276 (0.145) 10.29 (0.86) 0.00 0.97 (0.01) 0.05 (0.05)
IRAS03582+6012 W∗∗ 0.64 (0.01) 4.728 (0.106) 15.682 (0.667) 5.080 (0.131) < 1.366 (0.082) < 21.31 (1.65) 0.00 1.28 (0.01) —
IRAS03582+6012 E∗,∗∗ 0.01 (0.00) —
UGC02982 0.68 (0.01) 6.642 (0.141) 27.654 (0.532) 8.237 (0.146) 3.911 (0.144) 12.71 (0.51) 0.00 0.96 (0.01) 0.17 (0.04)
ESO420-G013 0.30 (0.00) 7.146 (0.186) 27.243 (0.752) 8.376 (0.789) 5.662 (0.377) 5.89 (0.55) 0.00 1.39 (0.01) 0.01 (0.05)
NGC1572 0.46 (0.01) 2.844 (0.082) 11.135 (0.466) 3.090 (0.102) 1.927 (0.176) 6.82 (0.51) 0.00 1.14 (0.01) 0.04 (0.05)
IRAS04271+3849 0.61 (0.01) 4.726 (0.105) 18.630 (0.417) 5.410 (0.110) 3.248 (0.120) 9.83 (0.42) 0.00 1.69 (0.02) 0.01 (0.05)
NGC1614 0.61 (0.01) 14.239 (0.293) 45.248 (2.881) 11.273 (0.439) 11.247 (0.708) 18.18 (1.92) 0.00 1.31 (0.01) 0.27 (0.04)
UGC03094 0.43 (0.00) 3.321 (0.073) 11.846 (0.256) 4.344 (0.096) 1.962 (0.088) 11.81 (0.58) 0.14 (0.01) 1.46 (0.01) 0.22 (0.04)
ESO203-IG001∗ 0.03 (0.01) -0.01 (0.05)
MCG-05-12-006 0.53 (0.01) 2.639 (0.079) 10.586 (0.440) 3.070 (0.097) 2.140 (0.206) 5.77 (0.78) 0.00 0.83 (0.02) 0.00 (0.05)
NGC1797 0.62 (0.01) 5.492 (0.125) 20.853 (1.643) 6.024 (0.125) 3.722 (0.219) 6.88 (0.78) 0.00 1.21 (0.01) -0.01 (0.05)
CGCG468-002 W 0.12 (0.00) 0.597 (0.048) 1.947 (0.258) 0.848 (0.025) 0.422 (0.111) 0.87 (0.16) 0.00 0.88 (0.02) —
CGCG468-002 E 0.54 (0.01) 2.040 (0.046) 7.858 (0.362) 2.410 (0.175) 1.434 (0.193) 3.97 (0.41) 0.00 2.47 (0.02) —
IRAS05083+2441 S 0.72 (0.01) 5.515 (0.122) 20.358 (0.619) 5.797 (0.126) 3.481 (0.130) 16.13 (0.83) 0.00 1.38 (0.02) 0.01 (0.05)
VIIZw031 0.64 (0.01) 4.876 (0.116) 16.761 (0.797) 5.187 (0.294) 3.089 (0.104) 81.47 (5.33) 0.00 1.58 (0.02) -0.01 (0.05)
IRAS05129+5128 0.54 (0.01) 3.248 (0.081) 11.177 (0.471) 3.197 (0.050) 1.780 (0.087) 12.69 (0.82) 0.00 1.91 (0.02) 0.00 (0.05)
IRASF05189-2524 0.03 (0.00) 1.176 (0.112) 3.189 (0.630) 0.713 (0.112) < 0.818 (0.561) < 11.25 (3.46) 0.18 (0.01) 1.39 (0.01) 0.02 (0.05)
IRASF05187-1017 0.53 (0.03) 1.078 (0.052) 4.845 (0.252) 1.536 (0.055) 0.890 (0.049) 5.87 (0.74) 0.00 2.83 (0.05) -0.01 (0.05)
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Source Name∗,∗∗ EQW6.2(σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm PAH(σ) 17µm PAH(σ) L(PAH)(σ) τice(σ) τ9.7µm(σ) η(σ)
[µm]i [109L⊙]
IRAS05223+1908∗ <0.01 -0.02 (0.05)
MCG+08-11-002 0.56 (0.01) 8.642 (0.141) 37.418 (0.543) 9.119 (0.202) 7.203 (0.167) 19.92 (0.68) 0.00 3.73 (0.02) -0.01 (0.05)
NGC1961 0.24 (0.01) 0.806 (0.025) 3.230 (0.138) 1.676 (0.038) 0.940 (0.088) 0.99 (0.08) 0.00 1.05 (0.02) 0.87 (0.01)
UGC03351 0.53 (0.01) 5.187 (0.112) 23.361 (0.422) 7.589 (0.148) 3.729 (0.109) 7.74 (0.35) 0.00 2.32 (0.02) 0.20 (0.04)
IRAS05442+1732 0.66 (0.01) 7.168 (0.141) 24.746 (0.623) 6.079 (0.380) 5.200 (0.243) 13.15 (0.73) 0.00 1.58 (0.01) 0.01 (0.05)
IRASF06076-2139∗∗ 0.33 (0.02) 1.066 (0.048) 3.724 (0.309) 1.645 (0.248) < 0.323 (0.074) < 9.78 (1.51) 0.00 3.18 (0.02) —
UGC03410 W 0.62 (0.01) 1.455 (0.030) 5.626 (0.236) 1.762 (0.044) 0.920 (0.035) 1.40 (0.10) 0.00 1.34 (0.02) 0.32 (0.03)
UGC03410 E 0.63 (0.01) 3.857 (0.083) 16.500 (0.486) 5.089 (0.097) 2.324 (0.083) 4.07 (0.24) 0.00 1.10 (0.01) 0.36 (0.03)
NGC2146 0.67 (0.01) 68.222 (1.351) 275.125 (49.459) 78.936 (4.211) 58.910 (6.437) 3.58 (1.84) 0.00 1.78 (0.01) 0.18 (0.04)
ESO255-IG007 W∗∗ 0.62 (0.01) 5.944 (0.121) 20.144 (1.777) 5.291 (0.325) < 4.078 (0.169) < 49.03 (6.42) 0.00 1.51 (0.01) —
ESO255-IG007 E∗∗ 0.65 (0.02) 6.320 (0.142) 21.300 (0.672) 6.917 (0.555) < 3.097 (0.205) < 51.26 (2.95) 0.00 0.59 (0.01) —
ESO255-IG007 S∗∗ 0.69 (0.02) 8.764 (0.176) 28.573 (0.519) 8.758 (0.183) < 5.010 (0.200) < 70.83 (2.77) 0.00 1.38 (0.01) —
ESO557-G002 S 0.70 (0.07) 0.843 (0.021) 3.290 (0.145) 1.021 (0.023) 0.557 (0.041) 2.18 (0.17) 0.00 0.55 (0.02) 0.11 (0.04)
ESO557-G002 N 0.60 (0.01) 1.705 (0.048) 6.647 (0.374) 1.902 (0.167) 1.433 (0.084) 4.35 (0.43) 0.00 2.18 (0.02) 0.04 (0.05)
UGC03608 0.53 (0.01) 1.916 (0.065) 7.248 (0.454) 2.285 (0.043) 1.370 (0.159) 5.08 (0.65) 0.00 1.08 (0.01) 0.04 (0.05)
IRASF06592-6313 0.48 (0.01) 2.078 (0.071) 8.282 (0.406) 2.507 (0.201) 1.564 (0.137) 6.68 (0.92) 0.00 1.20 (0.02) -0.01 (0.05)
AM0702-601 N 0.04 (0.00) 0.808 (0.083) 2.697 (2.022) 0.561 (0.046) 0.714 (0.187) 3.98 (5.52) 0.00 1.34 (0.01) -0.11 (0.06)
AM0702-601 S 0.68 (0.01) 4.121 (0.088) 14.391 (0.597) 3.909 (0.077) 2.799 (0.121) 21.44 (1.27) 0.00 1.22 (0.01) 0.11 (0.04)
NGC2342 0.67 (0.01) 2.798 (0.060) 10.841 (0.334) 3.129 (0.055) 2.508 (0.113) 5.12 (0.28) 0.00 1.13 (0.01) 0.24 (0.04)
NGC2369 0.48 (0.01) 12.072 (0.245) 52.682 (1.700) 13.869 (0.415) 6.679 (0.213) 9.08 (0.67) 0.00 1.82 (0.01) 0.02 (0.05)
IRAS07251-0248 0.09 (0.01)i 0.689 (0.040) 2.895 (0.161) 0.931 (0.035) < 55.19 (5.91) 0.93 (0.03) 5.61 (0.03) -0.04 (0.05)
NGC2388 0.53 (0.00) 5.100 (0.116) 20.559 (0.487) 5.877 (0.109) — — 0.00 0.95 (0.03) —
MCG+02-20-003 S 0.58 (0.05) 0.310 (0.027) 1.270 (0.092) 0.419 (0.010) 0.237 (0.032) 0.53 (0.08) 0.00 0.14 (0.07) —
MCG+02-20-003 N 0.17 (0.00) 4.443 (0.086) 23.939 (0.342) 6.618 (0.127) 5.619 (0.080) 9.27 (0.31) 0.19 (0.02) 3.85 (0.03) —
IRAS08355-4944 0.19 (0.00) 3.556 (0.123) 13.925 (0.615) 2.691 (0.385) 1.616 (0.343) 12.62 (1.45) 0.00 1.66 (0.01) 0.01 (0.05)
IRASF08339+6517 — — — — — — — — —
NGC2623 0.27 (0.01) 3.501 (0.077) 14.647 (0.738) 4.185 (0.149) 2.477 (0.120) 7.95 (0.76) 0.00 3.15 (0.02) 0.02 (0.05)
ESO432-IG006 W 0.64 (0.01) 3.380 (0.086) 13.113 (0.730) 4.005 (0.236) 2.560 (0.125) 5.08 (0.64) 0.00 1.11 (0.02) —
ESO432-IG006 E 0.41 (0.01) 1.440 (0.063) 5.331 (0.374) 1.837 (0.066) 1.058 (0.089) 2.14 (0.26) 0.00 0.97 (0.03) —
ESO60-IG016 0.11 (0.00) 2.135 (0.055) 11.148 (0.563) 3.275 (0.172) < 39.33 (2.85) 0.00 5.26 (0.03) -0.01 (0.05)
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Source Name∗,∗∗ EQW6.2(σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm PAH(σ) 17µm PAH(σ) L(PAH)(σ) τice(σ) τ9.7µm(σ) η(σ)
[µm]i [109L⊙]
IRASF08572+3915∗ <0.03 0.00 (0.05)
IRAS09022-3615 0.14 (0.00) 2.963 (0.102) 11.019 (0.909) 2.791 (0.062) 2.126 (0.116) 63.87 (7.97) 0.00 2.71 (0.01) -0.01 (0.05)
IRASF09111-1007 W 0.47 (0.02) 1.348 (0.057) 4.755 (0.602) 1.588 (0.036) 1.006 (0.053) 25.73 (3.46) 0.00 2.15 (0.03) -0.06 (0.05)
IRASF09111-1007 E 0.52 (0.03) 0.945 (0.057) 3.040 (0.554) 1.175 (0.137) 0.588 (0.075) 16.08 (5.96) 0.00 1.13 (0.04) -0.04 (0.05)
UGC04881 W 0.61 (0.01) 1.315 (0.030) 4.911 (0.207) 1.435 (0.020) 0.896 (0.062) 12.22 (0.90) 0.00 1.51 (0.02) —
UGC04881 E 0.40 (0.01) 0.840 (0.023) 3.328 (0.149) 1.194 (0.039) 0.719 (0.047) 9.12 (0.99) 0.00 2.00 (0.02) —
UGC05101 0.13 (0.00)i 4.766 (0.113) 14.823 (0.240) 4.599 (0.109) 3.208 (0.221) 40.38 (2.48) 2.20 (0.11) 3.65 (0.03) 0.02 (0.05)
MCG+08-18-013 — — — — — — — — —
Arp303 S 0.60 (0.02) 1.772 (0.049) 7.259 (0.288) 2.416 (0.054) 1.218 (0.056) 4.39 (0.39) 0.00 1.07 (0.02) 0.09 (0.05)
Arp303 N 0.57 (0.06) 1.272 (0.045) 5.750 (0.365) 1.956 (0.040) 1.034 (0.038) 3.45 (0.30) 0.00 1.18 (0.02) 0.33 (0.03)
NGC3110 0.64 (0.01) 7.317 (0.159) 32.703 (0.792) 8.599 (0.149) 4.199 (0.176) 13.09 (0.54) 0.01 (0.01) 0.90 (0.01) 0.18 (0.04)
ESO374-IG032∗ 0.03 (0.02) -0.02 (0.05)
IRASF10173+0828 0.35 (0.04) 0.328 (0.016) 1.395 (0.093) 0.559 (0.012) 0.189 (0.042) 5.67 (0.90) 0.00 4.24 (0.06) -0.01 (0.05)
NGC3221 0.75 (0.01) 2.105 (0.044) 7.599 (0.212) 2.323 (0.059) 1.527 (0.063) 2.11 (0.13) 0.00 1.20 (0.01) 0.47 (0.03)
NGC3256 0.61 (0.01) 27.577 (0.609) 101.747 ( 3.932) 27.147 (0.626) 23.204 (2.221) 13.70 (1.22) 0.00 1.13 (0.01) 0.14 (0.04)
ESO264-G036 0.44 (0.01) 2.978 (0.066) 11.240 (0.348) 4.044 (0.045) 2.144 (0.084) 7.85 (0.37) 0.19 (0.01) 1.06 (0.01) 0.22 (0.04)
ESO264-G057 0.60 (0.01) 3.094 (0.067) 12.000 (0.352) 3.549 (0.088) 2.203 (0.263) 5.29 (0.37) 0.00 1.26 (0.01) 0.13 (0.04)
IRASF10565+2448 0.51 (0.01) 3.670 (0.083) 12.693 (0.435) 3.619 (0.053) 2.717 (0.133) 41.37 (2.89) 0.19 (0.02) 2.13 (0.02) 0.02 (0.05)
MCG+07-23-019 0.64 (0.01) 2.633 (0.050) 10.208 (0.430) 2.666 (0.029) 1.882 (0.044) 18.13 (0.81) 0.00 2.31 (0.01) 0.03 (0.05)
CGCG011-076 0.32 (0.02) 4.423 (0.109) 17.214 (0.579) 5.869 (0.139) 2.649 (0.181) 16.78 (0.91) 0.17 (0.01) 1.57 (0.01) 0.04 (0.05)
IRASF11231+1456 0.60 (0.01) 1.276 (0.032) 5.221 (0.178) 1.541 (0.018) 1.005 (0.066) 9.52 (0.57) 0.00 1.16 (0.02) 0.03 (0.05)
ESO319-G022 0.42 (0.02) 1.070 (0.055) 4.518 (0.417) 1.206 (0.138) 0.891 (0.129) 1.68 (0.34) 0.00 1.23 (0.02) -0.01 (0.05)
NGC3690 W∗∗ 0.12 (0.00) 12.366 (0.469) 35.915 (2.190) 9.545 (0.456) < 2.692 (1.763) < 6.89 (1.03) 0.00 1.87 (0.01) —
NGC3690 E 0.38 (0.00)i 24.594 (0.382) 94.979 (1.966) 23.444 (0.332) < 16.52 (0.80) 0.24 (0.01) 3.82 (0.01) —
ESO320-G030 0.58 (0.01) 8.393 (0.172) 37.924 (1.144) 11.866 (0.212) 5.237 (0.230) 6.35 (0.34) 0.00 1.39 (0.01) 0.05 (0.05)
ESO440-IG058 N∗∗ 0.56 (0.02) 1.147 (0.036) 4.259 (0.269) 1.323 (0.016) < 0.695 (0.091) < 3.65 (0.36) 0.00 0.60 (0.03) —
ESO440-IG058 S 0.66 (0.01) 4.554 (0.091) 18.141 (0.476) 4.859 (0.319) 3.192 (0.092) 14.13 (0.75) 0.00 1.89 (0.01) —
IRASF12112+0305 0.30 (0.03)i 1.252 (0.084) 5.040 (3.347) 1.449 (0.192) 1.036 (0.237) < 44.79 (5.0) 0.56 (0.06) 3.42 (0.04) 0.03 (0.05)
ESO267-G030 W 0.68 (0.01) 3.058 (0.082) 11.441 (0.430) 3.188 (0.074) 2.470 (0.173) 5.89 (0.47) 0.00 1.14 (0.02) 0.03 (0.05)
NGC4194 0.55 (0.00) 16.291 (0.356) 52.311 (4.825) 15.240 (1.385) 10.848 (0.457) 5.66 (1.29) 0.00 1.39 (0.01) —
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Source Name∗,∗∗ EQW6.2(σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm PAH(σ) 17µm PAH(σ) L(PAH)(σ) τice(σ) τ9.7µm(σ) η(σ)
[µm]i [109L⊙]
ESO267-G030 E 0.50 (0.01) 3.924 (0.105) 15.785 (0.442) 5.234 (0.067) 2.774 (0.139) 8.19 (0.58) 0.00 1.00 (0.01) 0.03 (0.05)
IRAS12116-5615 0.36 (0.01) 5.589 (0.123) 23.100 (0.419) 6.485 (0.363) 4.426 (0.237) 26.18 (1.34) 0.00 2.61 (0.02) -0.01 (0.05)
IRASF12224-0624 0.07 (0.02)i 0.393 (0.030) 2.516 (0.301) 0.578 (0.035) 0.427 (0.040) 2.70 (0.49) 1.72 (0.06) 8.38 (0.09) -0.02 (0.05)
NGC4418∗ <0.02 -0.09 (0.05)
UGC08058∗ 0.01 (0.00) 0.02 (0.05)
NGC4922 0.16 (0.00) — — — — — — — —
CGCG043-099 0.55 (0.01) 3.110 (0.057) 13.187 (0.562) 3.165 (0.074) 2.178 (0.137) 27.73 (1.77) 0.00 2.76 (0.01) -0.01 (0.05)
MCG-02-33-098 W 0.55 (0.01) 2.428 (0.073) 7.813 (0.412) 1.886 (0.087) 1.425 (0.201) 2.99 (0.27) 0.00 0.80 (0.01) —
MCG-02-33-098 E 0.70 (0.02) 1.917 (0.061) 7.034 (0.366) 2.080 (0.203) 1.395 (0.101) 2.66 (0.29) 0.00 0.79 (0.03) —
ESO507-G070 0.56 (0.01) 4.006 (0.081) 16.149 (0.583) 4.082 (0.292) 3.027 (0.150) 10.93 (1.02) 0.00 3.88 (0.03) -0.02 (0.05)
IRAS13052-5711 0.61 (0.01) 2.448 (0.049) 10.089 (0.197) 2.625 (0.139) 1.724 (0.070) 6.51 (0.30) 0.00 2.09 (0.01) -0.01 (0.05)
IC0860 0.43 (0.01) 1.047 (0.023) 4.223 (1.097) 1.212 (0.141) < 0.905 (0.321) < 0.78 (2.45) 0.00 3.49 (0.02) 0.00 (0.05)
IRAS13120-5453 0.45 (0.01) 8.199 (0.160) 32.771 (1.337) 8.273 (0.239) 6.565 (0.264) 52.35 (4.18) 0.00 2.52 (0.01) 0.02 (0.05)
VV250a W 0.76 (0.03) 1.705 (0.059) 5.536 (0.619) 1.676 (0.077) 1.025 (0.051) 8.70 (1.32) 0.00 1.85 (0.04) —
VV250a E 0.63 (0.01) 4.779 (0.108) 15.911 (1.740) 4.105 (0.220) 3.286 (0.226) 24.80 (3.18) 0.00 1.80 (0.02) —
UGC08387 0.62 (0.01) 7.395 (0.126) 29.688 (0.759) 6.532 (0.073) 5.517 (0.139) 30.76 (1.32) 0.00 3.01 (0.01) 0.01 (0.05)
NGC5104 0.51 (0.01) 4.014 (0.098) 16.281 (0.389) 4.765 (0.068) 3.409 (0.104) 8.53 (0.46) 0.00 1.88 (0.02) -0.01 (0.05)
MCG-03-34-064 <0.01 <0.313 (0.115) 1.691 (0.456) 0.750 (0.144) < 1.825 (0.731) < 1.43 (0.34) 0.00 0.96 (0.01) 0.01 (0.05)
NGC5135 0.49 (0.01) 8.090 (0.188) 30.367 (0.814) 9.455 (0.123) 5.806 (0.351) 8.55 (0.46) 0.00 1.22 (0.01) 0.08 (0.05)
ESO173-G015∗∗ 0.53 (0.01) 19.903 (0.326) 77.348 (1.157) 22.078 (0.586) <13.386 (0.410) < 11.21 (0.49) 0.00 3.69 (0.02) —
IC4280 0.59 (0.01) 2.815 (0.065) 11.844 (0.276) 3.903 (0.066) 2.124 (0.094) 4.76 (0.20) 0.00 0.77 (0.01) 0.23 (0.04)
NGC5256 0.44 (0.02) 2.064 (0.047) 7.984 (0.222) 2.804 (0.091) 1.676 (0.126) 10.39 (0.72) 0.00 1.50 (0.01) —
Arp240 W 0.63 (0.01) 1.200 (0.032) 5.074 (0.120) 1.840 (0.019) 1.034 (0.060) 4.15 (0.25) 0.00 0.85 (0.02) 0.44 (0.03)
Arp240 E 0.54 (0.01) 1.094 (0.032) 4.490 (0.110) 1.790 (0.031) 0.707 (0.051) 3.78 (0.20) 0.00 0.67 (0.02) 0.55 (0.02)
UGC08696 0.12 (0.01)i 3.076 (0.078) 14.243 (0.821) 4.165 (0.340) 2.798 (0.172) 33.62 (3.16) 0.28 (0.03) 4.24 (0.02) 0.01 (0.05)
UGC08739 0.51 (0.01) 4.072 (0.076) 17.418 (0.271) 4.627 (0.220) 2.964 (0.131) 6.91 (0.33) 0.00 2.61 (0.01) 0.20 (0.04)
ESO221-IG010 0.69 (0.01) 5.550 (0.129) 19.614 (0.766) 5.692 (0.137) 4.393 (0.250) 3.19 (0.26) 0.00 0.86 (0.02) 0.15 (0.04)
NGC5331 S 0.61 (0.01) 2.599 (0.054) 10.100 (0.349) 2.812 (0.053) 1.840 (0.123) 16.89 (1.19) 0.00 1.60 (0.01) —
NGC5331 N 0.60 (0.01) 0.925 (0.027) 3.743 (0.193) 1.204 (0.023) 0.651 (0.037) 6.53 (0.49) 0.00 0.78 (0.02) —
Arp84 N 0.62 (0.01) 4.283 (0.091) 15.565 (0.614) 4.863 (0.260) 3.628 (0.201) 3.24 (0.33) 0.00 1.05 (0.01) 0.02 (0.05)
